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ABSTRACT 
 
Surface plasmons, due to their extreme sensitivity to changes in refractive index 
occurring at a metal/dielectric interface and their ability to significantly enhance 
electromagnetic fields near a metal, offer exciting opportunities for real-time, fully label 
free forms of chemical/biological detection and field-enhanced applications including 
surface enhanced Raman scattering (SERS), and photovoltaics. Novel classes of 
plasmonic crystals fabricated with precisely controlled arrays of subwavelength metal 
nanostructures provide a promising platform for the sensing and imaging of surface 
binding events with micrometer spatial resolution over large areas. Soft lithography, one 
family of unconventional nanofabrication methods, provides a robust, cost-effective route 
for generating highly uniform, functional nanostructures over large areas with molecular 
scale resolution. This dissertation describes the development and utility of several classes 
of functional, nanostructured plasmonic materials with predictable optical properties. A 
novel, low-cost optical sensor with atomic scale sensitivity at visible wavelength range 
was developed by tuning the optical response of a plasmonic crystal to visible 
wavelengths through optimization of the distribution and thickness of the thin metal film. 
Sensing and imaging of various surface binding events were studied to demonstrate their 
utility for label-free detection. Finite-Difference Time-Domain (FDTD) calculations were 
carried out to model the optical response of the system and gain insight into the physics 
of the system. New classes of plasmonic crystals were developed using new materials and 
fabrication methods, in concert with rational design of the device form factor guided by 
both experiment and computational electrodynamics simulations.  
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CHAPTER 1 
INTRODUCTION 
This chapter provides an overview of plasmonics and nanofabrication methods. 
The majority of the text and figures included here are reproduced with permission from 
the previously published paper:  J. Yao, A.-P. Le, S. K. Gray, J. S. Moore, J. A. Rogers, 
and R. G. Nuzzo, “Functional Nanostructured Plasmonic Materials", Adv. Mater. 2010, 
22, 1102-1110 (Copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA,) and M. E. 
Stewart, M. J. Motala, J. Yao, L. B. Thompson, and R. G. Nuzzo, “Unconventional 
Methods for Forming Nanopatterns”, Proc. IMechE, Part N: J. Nanoeng. Nanosyst. 2007, 
220, 81-138 (Copyright 2007, IMechE).  
 
1.1 Overview of Surface Plasmonics  
Surface plasmons result from incident electromagnetic radiation exciting coherent 
oscillations of conduction electrons near a metal-dielectric interface.[1-3] These 
oscillations result in an evanescent electric field that extends from the metal surface into 
the dielectric over a length scale on the order of hundreds of nanometers.[9] This field 
allows surface plasmons to respond to changes in the local refractive index with high 
sensitivity, which in turn provides a capability for label-free forms of analytical detection. 
For example, surface plasmon resonance (SPR) measurements are now commonly used 
to detect and quantify chemical and biological analytes without the need for fluorescent 
or radioactive labels.[12, 13] At the same time, due to their capacities to significantly 
enhance electromagnetic fields near a metal, surface plasmons can provide the field-
enhanced applications including surface enhanced Raman scattering (SERS) [14-18], and 
surface enhanced fluorescence. Furthermore, this localization of incident light in a sub-
micrometer scale evanescent field could play an important role in renewable energy areas.  
For example, preliminary results of the most recent theoretical and experimental results 
demonstrate that plasmonic structures are able to increase the absorption of solar 
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irradiation in the solar cells made of thin inorganic films.[19-22] 
The full utility of SERS and other surface-enhanced spectroscopies have not yet 
been realized with existing substrates, however, because they suffer from poor 
reproducibility.[15] Recent work in this field has explored the use of more precisely 
defined metal nanoparticles[23] and nanowires[24], as well as nanoscale holes[25, 26] 
and voids[27] in metal films as substrates for SPR sensing, SERS, and surface-enhanced 
fluorescence. Ideally, these substrates would be fabricated using techniques that generate 
nanostructured patterns over large substrate areas with high fidelity and high control at 
low cost. The design rules for these optics, however, can be quite demanding and for this 
reason difficult to realize in practice except via the application of demanding forms of 
lithography and thin-film processing. 
Photolithography is one of main conventional techniques used to mass-produce 
small features over large areas.[28, 29] However, this method is restricted to planar 
substrates and the resolution is limited to the wavelength of light beam due to the nature 
of the projection optics.[28] Another common lithography technique is scanning beam 
lithography, for example, electron beam lithography and focused ion beam lithography. 
These two methods have been used to fabricate arrays of gold particles[30, 31], circular 
slits[32], nanoholes[33, 34], and v-shaped grooves in metal films.[35]  Both fabrication 
methods provide high precision and control over the dimensions of the nanostructures. It 
is difficult, however, to generate patterns over large areas using these methods, and they 
are limited to serial sample fabrication. 
An alternative method, nanosphere lithography,[36, 37] uses a hexagonally close-
packed monolayer of spheres on a surface as a deposition or etch mask for the generation 
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of metal nanoparticles in the interstices between spheres[38] or as a substrate for the 
creation of metal-film-over-nanosphere structures.[39] Defect-free nanostructured regions 
with areas approximately 10-100 µm2 can be routinely formed using nanosphere 
lithography.[38] 
More recent reports document the fabrication of large area plasmonic 
nanostructures using soft interference lithography.[40-44] In this method, an elastomeric 
master is replicated from a master generated by interference lithography and is used as a 
phase mask for phase-shifting photolithography on a silicon wafer. A metal film is 
evaporated onto the resulting photoresist structure, and lift-off of the photoresist leaves a 
continuous metal film with an array of holes or voids. Using this method, centimeter-
scale areas of high quality nanostructures can be realized.[40, 43] Although common 
processing techniques are exploited here (interference lithography, wet chemical etching, 
metal evaporation, lift-off), the multiple steps required add complexity to the fabrication 
processes. More importantly, there remains a need to generalize the process, while 
retaining the capacity for low cost, in ways that can reach more challenging design rules 
and accommodate large area format or topologically complex substrates. 
Soft nanoimprint lithography has shown promise as a method to satisfy such 
needs – it is able to pattern large area arrays (greater than 10 mm2) of nanostructures with 
a resolution of less than 100 nm at relatively low cost.[4, 45, 46] We have used soft 
nanoimprint lithography to fabricate large and highly reproducible arrays of cylindrical 
nanowells for use as SPR sensors and SERS substrates.[4, 9, 45, 47] These easily 
produced nanoimprinted structures have also demonstrated submonolayer sensitivities for 
detecting binding events with limits of detection rivaling those of more conventional SPR 
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devices.  The micrometer-level lateral resolution over millimeter length scales enables 
highly sensitive and fully quantitative forms of imaging using both SPR and SERS over 
areas larger than those accessible through other device geometries and fabrication 
methods. 
1.1.1 SPR Theory and Application 
Surface plasmons (SP) are coherent oscillations of surface conduction electrons 
near a metal-dielectric interface excited by incident electromagnetic radiation.[1-3, 6] 
These coherent oscillations result in an evanescent electric field that is perpendicular to 
the metal-dielectric interface which decays over a length scale on the order of hundreds 
of nanometers(Figure 1.1).[9] This electric field is very sensitive to local refractive index 
changes occurring at the metal-dielectric interface with high sensitivity, offering exciting 
opportunities for real-time, fully label-free forms of chemical and biological analyte 
detection, using both single-mode spectroscopic and multiplexed imaging protocols.[48-
50]  
Two types of surface plasmon resonances are used in refractive index sensing 
applications: (i) propagating surface plasmon polaritions (SPPs) and (ii) localized surface 
plasmonic resonances (LSPRs). The conventional SPR method typically makes use of the 
properties of surface plasmons in the form of surface plasmon polaritons (SPPs), which 
are evanescent surface waves on metal films which propagate tens to hundreds of 
micrometers along the metal-dielectric interface.[51] [52, 53]   
The coupling of incident light to surface plasmons relies on special phase-
matching techniques such as prism coupling or grating coupling according to the 
dispersion relationships (i.e. the energy-momentum relation) in Figure 1.2. By solving 
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Maxwells equations for a planar semi-infinite metal adjacent to a dielectric medium 
under appropriate boundary conditions, the angular frequency ω of the surface charge 
oscillations is associated with the wave vector ksp of the surface plasmon polaritons 
(SPPs).[3]  
                                                          ( )m medsp m medk c
ε εω
ε ε
⋅= +                        (1) 
where c is the speed of light in vacuum, Ɛm is the dielectric function of metal, and Ɛmed is 
the dielectric function of dielectric medium. Propagating surface plasmon modes require 
that |Ɛm| > Ɛmed and they only exist for transverse magnetic (TM) polarization. The 
dispersion curve of SPP excitations is always to the right side of the radiation line (Figure 
1.2), which means the SPPs are non-radiative and that coupling incident light to a SPP 
with the same frequency requires a mechanism to compensate for the momentum 
mismatch. The SPPs dispersion curve lies close to the radiation line at small wave vector 
ranges and reaches a maximum value at the plasma frequency / 2pω . 
In order to make SPPs radiative, the SPP dispersion curve has to intersect with 
that of the incident radiation according to the dispersion curve. This can be accomplished 
using either a prism system in the Kretschmann configuration or a grating system (Figure 
1.3).[51, 54] In a prism system, a prism is typically used to couple incoming light to a 
single plasmonic resonance on a flat continuous thin metal film (typically gold film) 
based on the principle of total internal reflection.[9, 51] A typical SPR prism system 
requires a prism, polarizers, lens, and rotation stage, and is precisely optically aligned. 
(Figure 1.4) This cumbersome experimental geometry is difficult to integrate into low-
cost, portable devices for high-throughput applications.  
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The sensitivity of the prism system to the change of refractive index near the flat 
metal-dielectric interface is better than the grating systems using a single feature 
sensitivity analysis method[55] and the sensitivity of the prism system increases using 
longer wavelength incident light to couple SPPs. However, there is a trade-off between 
the sensitivity and lateral resolution for the flat-film SPR prism spectroscopy.[56] Longer 
wavelengths provide better sensitivity but lower lateral resolution while the shorter 
wavelength produces lower sensitivity but higher lateral resolution. This is because that 
the propagation length of surface plasmons, which determines the lateral resolution of 
SPR imaging, is determined by the dielectric constant of metal and dielectrics, and the 
wavelength of the incident light. Since incident light of longer wavelength will couple to 
surface plasmons with longer propagation lengths, longer incident wavelengths will 
provide lower lateral resolution. However, incident light with longer wavelengths 
produce sharper SPR reflectivity curves, which leads to higher sensitivity, while incident 
light with shorter wavelengths produce broader SPR reflectivity curves, leading to lower 
sensitivity.  
These limitations can be overcome through the use of metallic nanostructures 
such as metal nanoparticles, line gratings, and hole arrays in metal films, structures that 
each provide efficient optical coupling mechanisms through which to excite 
plasmons.[57-59] Grating coupling mechanisms[9, 47, 54] use the diffraction of light at 
the surface of metallic grating structures to couple incoming light to surface plasmons. 
Matching the wave vectors of both the incoming light and the SPPs is accomplished by 
the addition of multiples of the grating wave vector (momentum) to that of the incident 
radiation and is calculated based on the following momentum conservation equation:[60]  
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                                               ksp = ko ± iGx ± jGy 
where ko is the wave vector of the incident radiation, Gx and Gy are the Bragg vectors 
associated with the periodicity of the grating, and i and j represent the order of the 
scattering event that couples the incident radiation to the SPPs with wave vector kSP. 
Grating systems include metallic nanostructures such as metal nanoparticles, line 
gratings, and hole arrays in metal films that each provide efficient optical coupling 
mechanisms through which to excite plasmons.[9, 57-59, 61] Compared with 
conventional prism systems, grating systems can greatly simplify the hardware 
requirement, providing an attractive platform for high throughput sensing and imaging 
applications. More importantly, these grating based nanostructured plasmonic sensors 
could be easily integrated into portable, low-cost, imaging based devices.  
Another advantage of grating based nanostructured plasmonic sensors is the 
improved lateral resolution in imaging compared to that of flat-film SPR prism system. 
The lateral resolution of the nanostructured plasmonic sensors can be as small as a single 
nanoparticle or a single nanohole, which enable the integration into multiplexed assays 
and into portable microfluidic lab-on-a-chip instrumentation.[59, 62-66] However, the 
smaller decay lengths of LSPRs normal to the metal-dielectric interface make the 
nanostructured plasmonic sensors less sensitive to bulk solution refractive index changes 
associated with temperature fluctuations or solution concentrations compared to flat-film 
SPR prism systems.[59, 64] 
These systems also give rise to localized surface plasmon resonances (LSPRs) 
confined around the coupling objects. These LSPRs can have higher electromagnetic 
field intensities which can be tuned by carefully controlling the shape, size, spacing, and 
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composition of the nanostructures.[54, 67-70] LSPRs can thus be exploited to make 
measurements with higher spatial resolution than would be possible using propagating 
SPPs.[47, 64, 71] 
The sensitivity of surface plasmons to change in the local refractive index enables 
the use of functional plasmonic materials in many sensing and imaging applications.[54, 
65, 72-75] For example, surface binding events at the metal-dielectric interface can be 
detected with high sensitivity.[9, 47, 54] Because the surface plasmon sensing and 
imaging is intrinsically a measure of the local refractive index, analytical selectivity of 
the SPR sensor is provided by surface functionalization of the SPR sensor. Receptor 
molecules that specifically interact with the molecules of interest are immobilized on the 
SPR sensor surface to enable selective detection, ensuring that only relevant binding 
events are detected.[76-81]  
 
1.2 Nanofabrication Methods 
Fabrication methods for structures with nanometer scale dimensions have been an 
increasingly important research area due to the potential applications of nanostructured 
materials for applications in technological areas such as semiconductor circuits, sensors, 
optics, and medicine.[82-88] These fabrication methods fall generally into two categories: 
‘top-down’ and ‘bottom-up’.[89] Top-down methods typically generate structures on 
planar substrates using conventional lithography techniques such as photolithography, 
electron beam lithography, and ion-beam lithography[90], or more unconventional 
methods such as self-assembly, molding, embossing, or imprinting. Bottom-up methods 
generate structures on planar and non-planar substrates by exploring the interactions of 
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atoms, molecules, or supermolecules.[91] For example, self-assembly is a typical bottom-
up nanofabrication method to generate ordered nanostructures over large areas.[92-94] 
1.2.1 Conventional Lithography for Nanofabrication 
The desire for reduced feature sizes and increased device performance has driven 
the rapid advancement of conventional top-down nanofabrication methods. 
Photolithography and scanning beam lithographies are the dominant fabrication 
techniques used in the semiconductor industry and many other areas. Conventional 
lithographies can provide high precision and control over extremely small dimensions, 
for example, ~0.1-100 nm. The ability to pattern materials at this scale is of central 
importance, but, these central technologies are limited by the intrinsic limits to reduce the 
feature sizes and are restricted to planar fabrication on relatively small format substrates.  
1.2.1.1 Photolithography 
Photolithography is used to mass-produce integrated circuits (ICs) in the 
microelectronics industry due to the ability to generate determinate patterns in parallel 
with high spatial densities of features. This process involves passing collimated light 
through a photomask (typically a metallic pattern etched in chromium (Cr)) to generate a 
latent image of the photomask in a photosensitive polymeric material (photoresist) (Fig. 
1.5(a))[28, 95]. Due to the nature of the projection optics, this process is largely restricted 
to planar substrates such as highly polished semiconductor wafers[28, 95]. The radiation-
exposed photoresist is then developed with a suitable solvent. Depending on the type of 
resist used, the solvent either dissolves the radiation-exposed areas (positive resist)[95, 96] 
or unexposed areas (negative resist) of the photoresist[95, 97, 98]. Substrate areas not 
protected by the patterned resist are then modified during subsequent deposition, growth, 
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etching (wet or dry), or doping processes[99]. Current ‘step-and-scan’ photolithography 
systems can pattern 200mm or 300mm diameter wafers with <65nm resolution at a rate 
of  >130 wafers per hour with a registration of  ≤6 nm (two point global alignment)[100]. 
1.2.1.2 Scanning Beam Lithography 
While photolithography allows a rapid and parallel generation of patterns, the 
photomask used is usually fabricated using a slower, serial scanning beam lithography 
(SBL) technique. SBLs use a focused beam of high-energy ions (focused ion beam 
lithography – FIB)[101-103], electrons (electron beam (e-beam) lithography)[104-106], 
or photons (direct-write laser lithography)[107-109] to pattern nanoscale features on a 
substrate[95]. FIB and e-beam lithographies are capable of producing sub-50 nm 
resolution with conventional resists while direct-write laser lithography is capable of 
~250 nm resolution[110]. Sub-20nm resolution has been obtained with e-beam 
lithography using specialized resists such as hydrogen silsesquioxane (HSQ) resist[111, 
112] or NaCl crystals[113], or by using more traditional resists, such as 
poly(methylmethacrylate) (PMMA), with ultrasonically-assisted development[114]. FIB 
has achieved ~10 nm resolution using either PMMA[115] or inorganic resists[116].  
SBLs can be categorized by their mode of patterning - whether chemical or 
physical processes mediate the patterning steps. Laser and e-beam lithographies 
chemically pattern photoresist on substrates principally by photochemical 
mechanisms[117, 118]. FIB is a more versatile tool that can perform both additive and 
subtractive patterning using both physical and chemically assisted processes, including: 
FIB milling[119-121], ion-implantation[122, 123], FIB-induced deposition[124, 125], 
and ion-assisted etching[119, 126]. Although these serial scanning-based techniques are 
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too slow for use in mass-production operations in industry, they are economically viable 
options for prototyping and low volume work[99, 127]. 
Ion and electron beams can be used in conjunction with masks and projection 
optics to obtain higher throughput. These techniques, referred to as ion projection 
lithography (IPL)[128-130] and projection electron-beam lithography (PEL)[117], can 
pattern areas on the order of hundreds of square millimeters[106, 128]. These 
technologies have achieved overlay registrations of ~20–30 nm[130, 131] and resolutions 
of 50 nm[128, 131]. 
1.2.2    Unconventional Methods for Nanofabrication  
Conventional nanofabrication methods provide high precision and control over 
the dimensions of the nanostructures. These methods are restricted to planar fabrication 
and are, in general, unsuitable for patterning fragile materials such as biological 
samples[46]. Especially for scanning beam lithography, it is difficult, however, to 
generate patterns over large areas and is limited to serial sample fabrication. These 
limitations have motivated research in ‘unconventional’ methods of nanopatterning, such 
as self-assembly[132], printing[133-135], embossing[136, 137], molding[138, 139], and 
edge lithography[140-142]. Each of these methods, shows promise for circumventing 
specific technical and cost of manufacturing limitations of conventional top-down 
approaches based on photolithography[143, 144]. 
1.2.2.1 Self-Assembly 
Self-assembly is a classic bottom-up patterning method[93, 94] and provides a 
powerful technique that is capable of generating regular arrays of nanopatterns over large 
areas[145-148]. This technique uses intermolecular forces (e.g. van der Waals, 
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hydrophobic, ionic) to drive “the autonomous organization of components into patterns or 
structures without human intervention”[149]. A variety of materials have been used in 
patterning processes exploiting self-assembly, including DNA, colloids, polymers, metals, 
and peptides.[145, 146, 148] Figure 1.5(b) depicts a bottom-up self assembly approach 
where thiols are used to form a self-assembled monolayer (SAM) on a gold (Au) 
substrate[132, 150-153]. While the science in this field is advancing rapidly and highly 
promising (for example, as a means for generating both 2D and 3D patterns), it is 
currently more limited than conventional top-down lithography at producing determinate 
nanoscale patterns[110].  
1.2.2.2 Printing Methods 
Transferring materials from an ‘inked’ stamp (a polymer embossed with relief 
structures) is perhaps the most extensively studied unconventional method for 
nanofabrication. One well-developed printing technique is microcontact printing (µCP), 
in which a polymeric stamp is used to pattern molecular inks via covalent bonding 
(Figure 1.6(a)).[10, 154-158] In this process, an organic molecular ink is transferred from 
the surface of a PDMS stamp to an appropriate substrate. This method can be used to 
form a patterned self-assembled monolayer (SAM) using suitable inks – such as 
alkanethiols for use with Au, Ag, and Pd substrates or organosilanes with materials such 
as Si. These patterned SAMs serve either as etch resists (Figure 1.6(b)–(c))[11] or 
deposition masks. Subsequent developments of the technique have seen the use of a much 
wider variety of inks, including colloids, inorganic catalysts, biological molecules, metals, 
or polymers.[159, 160] It is now evident that essentially any form of ink (whether organic, 
inorganic, solid, etc.) can be transferred to a solid substrate via direct covalent bonding or 
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other forms of physical interactions[161]. The key to successful transfer relies on stronger 
interactions occurring between the ink material and the substrate than the ink and PDMS 
stamp’s surface. The minimum dimensions of structures printed by µCP can reach to 
about 35 nm[155, 156]. This resolution is limited by the diffusion of ink molecules and 
elastic deformation of the PDMS stamp[158, 162]. The flexibility of the PDMS stamp 
and the ability to achieve conformal contact between the stamp and the substrate enables 
high-resolution patterning on both planar and non-planar surfaces. Areas greater than 50 
cm2 have been patterned by µCP[157]. Although this printing technique was developed 
primarily for PDMS stamps, stamps with surface modifications and stamps made of other 
materials have also been used, expanding the materials and capabilities of this general 
patterning method[163, 164].  
1.2.2.3 Embossing and Molding Methods 
Embossing and molding techniques use hard (rigid) and/or soft (elastomeric) 
molds for transferring patterns into polymeric materials in ways that allow for patterning 
features over large areas in parallel. These molding and embossing (imprinting) methods 
are simple, inexpensive techniques that can generate high-resolution patterns with 
determinate nanoscale feature sizes [10]. Like photolithography, molding and embossing 
methods are capable of patterning sub-100 nm features in parallel over areas as large as 
an entire 8 inch wafer[165]. These advantageous properties, especially the prospects for 
low-cost manufacturing, have engendered significant interest in these techniques as 
potential alternatives to optical projection lithography in manufacturing processes for 
microchips with feature sizes at and below the 45nm node[110].  
The basic processes of molding and embossing involve using a topographically 
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patterned rigid (e.g. silicon, quartz, or metals) or soft (e.g. elastomers such as 
poly(dimethylsiloxane)) molds to form an inverse pattern in a polymer through conformal 
contact. These molds are generally made either directly (hard molds) or indirectly (soft 
molds) using conventional lithographic techniques. Although this is an expensive and 
slow processing step, each resulting mold can be used many times for generating patterns 
relatively quickly and inexpensively.  
Molding processes include replica molding[166], step-and-flash imprint 
lithography (SFIL)[46, 144], microtransfer molding (µTM)[166, 167], micromolding in 
capillaries (MIMIC)[168, 169], solvent-assisted micromolding (SAMIM)[170], and 
nanoimprint lithography (NIL)[136]. These techniques create a patterned polymer by 
curing (cross-linking or polymerizing) a precursor, such as a monomer or prepolymer, 
against a topographically patterned mold. Solvents (SAMIM) or heat (NIL) are used to 
soften the polymer for the imprinting process. The lines separating molding and 
embossing are often crossed and thus these classifications are not rigorously distinct. 
Regardless of their definitions, these methods represent the so-called ‘unconventional 
techniques’ that currently present the most promising avenues for sub-45 nm patterning. 
1.2.2.3.1 Replica Molding 
Replica molding using organic polymers is a well-known technique that has found 
wide-spread applications in the manufacturing of micro- and nanometre-sized structures 
such as diffraction gratings, CDs, microtools, holograms and photonic devices.[171, 172] 
This technique is performed in a simple three-part process (Figure 1.7)[5]. First, PDMS is 
cast and cured against a patterned master. The PDMS mold, in turn, acts as a template for 
a second UV-curable or thermally curable prepolymer. The final product is a near replica 
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of the original master with almost identical dimensions and topologies as the original 
master. The fidelity of this process is largely determined by van der Waals interactions, 
wetting, and kinetic factors, such as filling of the mold. The deformability of PDMS can 
be used to create novel molds that can cast polymers and ceramic precursors into non-
planar fixed geometries with sub-micrometre control[173]. Any UV or thermally curable 
prepolymers are generally acceptable for use as long as they do not contain incompatible 
solvents, and usually shrinkage of less than three percent upon curing is desirable. 
 The replica molding process can produce numerous molds and replicas from each 
master due to the reusability of the PDMS molds. The replication of high-cost, high-
resolution masters potentially reduces the total cost of patterning nanostructures. This soft 
material fabrication technique in fact has two economies of scale: mass-produced fine-
scale patterns are inexpensive, but it is also possible to produce small quantities of less-
demanding patterns in a low-cost way[174]. Rapid turnaround time for fabrication also 
allows one to quickly modify a design. 
Replica molding can be used to pattern nanostructures in a variety of 
nontraditional materials. For example, the fabrication of thin membranes of controlled 
height or individual microparticles from rapidly gelling, chemically cross-linkable 
hydrogel precursors has traditionally not been possible. This is because gelling occurs 
immediately upon contact with the gelling agent. This limitation can be overcome with 
replica molding. In a modified replica molding technique, a thin layer of hydrogel 
precursor can be coated over the PDMS mold and degassed to remove excess materials. 
Next, an agarose slab with the gelling agent on top is pressed against the mold, 
whereupon gelation occurs. This approach has been demonstrated with calcium alginate, 
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an ionically cross-linked hydrogel, and chitosan, a pH-dependent gelator[175]. In a more 
recent example, nanoparticle aggregates (‘supraspheres’) that exhibit the mechanical 
properties of plastic were used to directly pattern metal structures such as microlenses 
and microgears by molding against a structured PDMS stamp[176].  
The extension of replica molding to produce structures in the sub-100nm range 
with PDMS is limited in part by the low elastic modulus of the polymer. Though hard- 
PDMS (h-PDMS)[177] has been developed especially to circumvent this limitation, some 
difficulties still remain. While it is true that h-PDMS is better suited for replicating fine-
scale features, it is also brittle and for that reason composite stamps are needed. The most 
useful form of composite stamp is comprised of a thin layer of h-PDMS (100 mm) cast in 
direct contact with the surface and a thick layer of ‘soft’-PDMS as a backlayer[178, 179]. 
With this type of composite stamp, the replication of 3-nm wide structures[180] and of 
0.5nm vertical deflections[181] has been demonstrated. 
1.2.3 Soft Nanoimprint Lithography 
Soft nanoimprint lithography, one method of soft lithography, provides the 
capability to replica molding surface features with nanometer scale resolution.[180] It has 
been demonstrated that this method is able to pattern large area arrays (greater than 10 
mm2) of nanostructures with a resolution of less than 100 nm at relatively low cost.[9, 45, 
47]  
Our research groups have used soft nanoimprint lithography to fabricate large and 
highly reproducible arrays of cylindrical nanowells and nanoposts over large areas. These 
easily produced nanoimprinted structures have demonstrated submonolayer sensitivities 
for detecting binding events with limits of detection rivaling those of more conventional 
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SPR devices. The micrometer-level lateral resolution over millimeter length scales 
enables highly sensitive and fully quantitative forms of imaging using both SPR and 
SERS over areas larger than those accessible through other device geometries and 
fabrication methods. 
Several features of plasmonic crystals such as those shown in Figure 1.8 are 
benefited from soft nanoimprint lithography for applications in sensing. First and 
foremost, the precisely controlled details of their structure enable reliable simulations of 
the electromagnetic fields and optical properties by rigorous computational 
electrodynamics methods such as the finite-difference time-domain (FDTD) method.[68, 
182-184] Their uniformity allows for sensing and imaging of surface binding interactions 
with high analytical sensitivity down to even submonolayer levels.[9, 45, 47] The 
spectroscopic responses of these devices can be shifted across near-IR and visible 
wavelengths by adjusting feature sizes, spacing, and depths or by more simply adjusting 
the thin metal film distribution without altering the design rules of the device (the latter 
avoiding the fabrication of a new lithographic master).[47] The achievable sensitivity of 
plasmonic crystals at visible wavelengths is quite substantial, sufficient to differentiate 
molecular binding in a patterned self-assembled monolayer even for cases where domains 
of the adsorbates have a mass difference of only two carbon atoms.[47] The platform also 
provides a facile means for effecting chemically-coupled forms of sensing, enabling in 
turn other interesting applications including pH sensing[185] and SERS mapping[14]. 
 
1.3       Overview of Thesis 
This thesis describes new classes of 3D low-cost plasmonic crystals formed by 
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soft nanoimprint lithography that enable quantitative sensing and imaging of surface 
binding events with exceptionally high sensitivity at visible wavelengths. Soft 
nanoimprint lithography provides a simple route for achieving high spatial fidelity in the 
fabrication of nanostructured plamonic crystal optics embedding 3D design rules and the 
facile separation of the imprinted structure from the PDMS stamp without damaging the 
relief features on both the stamp and substrate. The nanoimprinted plasmonic structures 
have high spatial resolution over large areas, providing a promising platform for high 
throughput imaging-based sensing and SERS measurements. The optical response of 
these 3D plasmonic crystals can be tuned by modifying the nanostructure geometry and 
the metal film thickness. Nanostructured plasmonic crystals molded in different materials 
have been used to detect various surface binding events, and the sensitivity, selectivity, 
and simplicity of implementation of these plasmonic systems have been intensively 
explored. The design rules and the understanding of the optics behind the plasmonic 
systems are fully supported by quantitative electrodynamical modeling based on full 3D 
FDTD calculations. 
Chapter 2 describes the development of a new class of full 3D plasmonic crystals 
fabricated using soft nanoimprint lithography. The optical response of the full 3D 
plasmonic crystals is tuned to visible wavelengths by adjusting the distribution and 
thickness of the metal films without modifying the underlying design rule of the device, 
reducing the fabrication cost and simplifying the fabrication procedure. The full 3D 
plasmonic crystals exhibit high spatial uniformity over large areas and exceptional 
analytical sensitivity at visible wavelengths, enabling the imaging of self-assembled 
monolayers on the surface of plasmonic crystals with an ordinary transmission-mode 
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optical microscope. 
Chapter 3 presents a systematic study of the distance-dependent thin-film optical 
response and sensing volume calibration of the full 3D plasmonic crystals using layer-by-
layer assembly of polyelectrolytes conformally coated on the surface of the plasmonic 
crystals. The effects of gold thickness and design rules on the optical response and 
sensitivity of the crystals are studied and multiple relevant control experiments are 
investigated to reduce the contribution of Fresnel effects to the optical response of the 
plasmonic crystals. A new data analysis method is suggested to allow for a more direct 
comparison of the sensitivities of different plasmonic crystals.    
Chapter 4 describes an ongoing work in the development of a class of robust 
inorganic plasmonic crystals using spin-on glass (SOG) materials. This materials 
selection has greatly simplified the fabrication procedure for these plasmonic crystals, 
enhanced the stability and durability of the plasmonic crystals, and markedly extended 
the capacities and scope of the plasmonic crystal applications to sensing in organic and 
high temperature environments and provide a high-performance platform for SERS 
measurements. Full 3D FDTD calculations were used to quantitatively model and assign 
the features underlaying the experimentally observed optical responses.. 
Chapter 5 presents an ongoing work of nanofabrication with SOG materials as 
bulk materials or replica masters. The precision of nanofabrication using SOG is tested 
using three different scale features: plasmonic nanostructures with nanohole diameters of 
0.1-1 µm; electron beam lithography structures with sizes between 1-200 nm; and single-
walled carbon nanotubes with diameters of 0.6-3 nm. SOG embossed nanostructures can 
also serve as regenerable masters for the fabrication of plasmonic crystals, ones 
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possessing significantly enhanced durability over the conventional photoresist materials 
commonly used in soft lithography. This new fabrication protocol reduces the 
requirement for expensive lithography masters because the SOG masters are resistant to 
mechanical degradation and can be aggressively cleaned and reused to generate 
plasmonic crystals. Additionally, the design rules of the resultant plasmonic crystals 
replicated from SOG masters can be tuned by controlling the fabrication process of the 
SOG masters. As a demonstration, the strongest feature in the transmission spectrum of a 
plasmonic crystal formed using a SOG master can be shifted to ~700 nm from the ~900 
nm observed previously in the full 3D plasmonic crystal design by careful manipulation 
and control of the process parameters used to fabricate a plasmonic crystal sensor optic. 
The main body of this thesis describes the development and utility of the 3D 
plasmonic crystals with high sensitivity at visible wavelengths. The refractive index 
dependent optical sensing and imaging of surface binding events are explored. Appendix 
A describes more recent work of a class of plasmonic crystal that consists of square 
arrays of nanoposts formed by soft lithography. The nanopost plamonic crystals show 
higher bulk sensitivity for aqueous solution at the visible wavelengths as compared to 
nanohole plasmonic crystals with similar dimensions, whereas, the sensitivity trends are 
opposite for thin surface bound layer detection in air. These results are fully supported by 
quantitative electrodynamic modeling based on full 3D FDTD calculations. 
Appendix B presents a study of the optimization of full 3D plasmonic crystals for 
refractive index sensing in normal mode transmission spectroscopy using extensive 3D 
FDTD simulations. The effects of system parameters such as nanohole periodicity, 
diameter and relief depth, and metal thickness on the refractive index sensitivity are 
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investigated. The metal thickness and relief depth theoretical results have been confirmed 
with experimental data. The optimized design rule of the full 3D plasmonic crystals is 
predicted to enhance their refractive index sensitivity based on the calculations. 
Appendix C shows an overview of the development and utility of the functional 
nanostructured plasmonic crystals developed in our groups. Nanoimprinted plasmonic 
crystals fabricated with precisely controlled arrays of subwavelength metal 
nanostructures provide a promising platform for sensing and imaging of surface binding 
events with micrometer spatial resolution over large areas.  This chapter highlights some 
recent advances in the fabrication and characterization of the plasmonic crystals with 
high spatial resolution over large areas, and sensing and imaging of surface binding 
events based on these integrated devices.  
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1.5        Figures 
 
 
Figure 1.1. Schematic illustration of a surface plasmon polariton propagating at a 
metal-dielectric interface.  The electric field generated by surface charge oscillations is 
perpendicular to the interface (red lines). (Figure was adapted and reprinted with 
permission from [6]. Copyright © Macmillan Publishers Ltd: Nature, 2003.) 
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Figure 1.2. The dispersion relationship of a SPP propagating along a metal-dielectric 
interface and the light line. Surface plasmon mode has a larger momentum (wave 
vector, k) than that of a free space photon (light line) incident on a metal-dielectric 
interface, which means the momentum mismatch has to be solved to couple light and 
SPP together. (Figure was adapted and reprinted with permission from [6]. Copyright 
© Macmillan Publishers Ltd: Nature, 2003.) 
Light 
SPP 
kSPk0 
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Figure 1.3. SPR systems coupling light to surface plasmon modes via prism coupling 
and grating coupling. 
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Figure 1.4. (A) A typical schematic diagram of a SPR flat-film prism imager using 
collimated light source, polarizer, prism setup, lens, narrow band pass filter and a 
charge-coupled device camera. (B) A schematic diagram of a typical prism setup 
integrated into a flow cell. (Figure was adapted and reprinted with permission from 
[7]. Copyright © Macmillan Publishers Ltd: Applied Spectroscopy, 2003.) 
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Figure 1.5. Schematics illustrating top-down and bottom-up patterning methods.  
(a) Top-down photolithographic patterning of photoresist on a silicon wafer.  (b) 
Bottom-up self-assembly of thiols on gold. (Figure was adapted and reprinted with 
permission from[4]. Copyright © IMechE 2007.) 
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Figure 1.6. Schematic illustration of microcontact printing (µCP): (a) An ‘inked’ 
PDMS stamp is used to pattern thiols on a Au surface. The printed pattern serves as a 
mask in subsequent etching or deposition steps; (b–c) SEM images of 40-nm thick 
silver features produced by µCP hexadecanethiol (HDT) onto a silver film followed by 
selective wet chemical etching in an aqueous solution of ferricyanide. (Figures were 
adapted and reprinted with permission from[4], copyright © IMechE 2007; from[10], 
copyright ©Annual Reviews 1998, www.annualreviews.org; and from[11], copyright 
©American Chemical Society 1998.) 
47 
 
 
 
 
Figure 1.7. Illustration of the process of forming polymer nanopillars by replica 
molding. (Figures were adapted and reprinted with permission from[5]. Copyright 
©2006 American Chemical Society.) 
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Figure 1.8. a) Schematic illustration of soft nanoimprint lithography protocol.  b) Optical 
image of an embossed plasmonic crystal.  Hole depth is ~400 nm, hole diameters vary from 
~0.24 µm – 1.06 µm, and hole spacings vary from ~0.50 µm – 1.74 µm.  c) SEM image of 
cylindrical hole array patterned by soft nanoimprint lithography with insets of an individual 
hole and a cross section view.  (Figures were adapted and reproduced with permission from[8].  
Copyright ©Wiley-VCH Verlag GmbH & Co, 2010.)  
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CHAPTER 2 
SEEING MOLECULES BY EYE: SURFACE PLASMON RESONANCE 
IMAGING AT VISIBLE WAVELENGTHS WITH HIGH SPATIAL 
RESOLUTION AND SUBMONOLAYER SENSITIVITY  
 
The majority of the text and figures included here is reproduced with permission 
from the previously published paper: J. Yao, M. E. Stewart, J. Maria, T.-W. Lee, S. K. 
Gray, J. A. Rogers, R. G. Nuzzo, “Seeing Molecules by Eye: Surface Plasmon Resonance 
Imaging at Visible Wavelengths with High Spatial Resolution and Submonolayer 
Sensitivity”, Angew. Chem. Int. Ed., 2008, 47 (27), 5013-5017. Copyright 2008, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. 
My contributions include optimizing the optical response of the full 3D plasmonic 
crystals, characterizing the system, and patterning plasmonic crystals for imaging work. I 
would like to acknowledge Matthew Stewart for performing the SAMs imaging and 
contribution to the paper writing. I would also like to acknowledge Joana Maria for 
simulating the optical response of the full 3D plasmonic crystals. I would also like to 
acknowledge Tae-Woo Lee for developing the FDTD code and the technical support for 
conducting the simulation.  
 
 
2.1       Abstract 
Plasmonic crystals fabricated with precisely controlled arrays of subwavelength 
metal nanostructures provide a promising platform for sensing and imaging of surface 
binding events with micrometer spatial resolution over large areas. Soft nanoimprint 
lithography provides a robust, cost effective method for producing highly uniform 
plasmonic crystals of this type with predictable optical properties. This chapter describes 
a new class of nanoimprinted fully 3D plasmonic crystals exhibiting exceptional 
analytical sensitivity at visible wavelengths and highly uniformity over large area, which 
is sufficient to image surface binding events with high spatial resolution and can 
distinguish adsorbates with masses that differ by only 25 amu using common optical 
microscope and low-cost silicon charge-coupled device (CCD). More importantly, the 
analytical sensitivity of the new class of plasmonic crystals was enhanced in the CCD 
detectable range by tuning the metal distribution, without altering the design rules of the 
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device (the latter avoiding the fabrication of a new lithographic master), which provides a 
new route for the development of a low-cost, highly sensitive, portable platform for the 
label-free forms of analytical detection. 
 
2.2       Introduction 
Surface plasmon resonance (SPR) spectroscopy provides a powerful methodology 
for effecting fully label-free forms of biological and chemical detection.[1-4] These 
measurements exploit the extreme sensitivity of plasmons to changes in refractive index 
occurring at a metal/dielectric interface[2, 5-8] and can be carried out (most commonly) 
singularly or in a multiplexed fashion using imaging mode protocols[5, 9, 10]. Most SPR 
sensors employ the Kretschmann configuration, which uses a prism to couple light into 
plasmons at the metal surface.  This geometry is difficult to integrate into low-cost, 
portable devices for high-throughput applications[11-13]. We and others have shown that 
these limitations can be circumvented using grating couplers in the form of periodic 
nanohole arrays[3, 13-16], a device form-factor that can enable powerful new forms of 
multispectral, spectroscopic, and multiplexed imaging mode assays. 
In a recent report, for example, we demonstrated one-dimensional plasmonic 
imaging with micron spatial resolution and monolayer sensitivity using quasi three-
dimensional (3D) plasmonic crystals as a sensing optic[3]. The precise structural 
definition of these crystals, formed by depositing gold by electron beam evaporation on a 
periodic nanowell array embossed in a thin polymer film, provides a uniformity sufficient 
to both quantitatively model their optical response using full 3D finite-difference time-
domain (FDTD) calculations as well as effect quantitative 1D and 2D imaging-mode 
measurements of protein binding interactions [12]. The one caveat was that the design 
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rule of the plasmonic crystal optic (nanowell diameter, depth, and center-to-center 
spacing of ~480, 350, and 780 nm, respectively) and its quasi-3D form factor (a gold 
nanohole array with a separate level of gold disks at the bottom of the embossed 
nanowells) provided an optical sensitivity that fell largely in the near-infrared region. 
Simple, low cost assays require optics that, while retaining the rugged characteristics of 
these plasmonic crystals, would provide significant sensitivity at visible wavelengths.  It 
is generally presumed that shifting the energy spectrum of the plasmonic crystal optic in 
this way would require significantly altering the design rules of the device--using much 
finer dimensions for the embossed grating--thereby greatly increasing demand tolerances 
for its spatial uniformity as well as the cost and complexity of the required lithographic 
mastering protocols. 
We describe in this report a new type of easily fabricated plasmonic crystal optic--
a fully-integrated 3D plasmonic crystal--that provides exceptional analytical sensitivity at 
visible wavelengths, one sufficient to detect with high spatial resolution molecular 
binding events that can differentiate adsorbates whose masses differ by as little as 25 
AMU.  As confirmed by FDTD calculations, the enhanced sensitivity obtained in the 
visible region of the spectrum comes not solely from confinement effects but also from 
the consequences of the complex interactions of the various diffractive and plasmonic 
modes supported by this device form factor.  Most significantly, the new plasmonic 
crystal optic allows molecular imaging with high sensitivity using a common optical 
microscope and low cost silicon charge-coupled device (CCD) camera, which has 
significant implications for the development of low cost, highly sensitive, and compact 
form factor devices useful for the detection of biological and chemical agents. 
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2.3          Experimental   
2.3.1    Materials 
   Unless otherwise specified, reagents were used as received without further 
purification. 1-Octadecanethiol (ODT) and 1-hexadecanethiol (HDT) were purchased 
from Aldrich. Poly-dimethylsiloxane (soft PDMS; Dow Corning, Sylgard 184) was 
purchased from Ellsworth Adhesives. Hard PDMS components: poly(25-30% 
methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), poly(7-8% vinylmethylsiloxane)-
(dimethylsiloxane), (VDT-731), Platinum-divinyltetramethyldisiloxane (SIP6831.1) and 
(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (SIT-7900) were purchased 
from Gelest. Photocurable polyurethane (PU; NOA 73) was purchased from Norland 
Products. Deionized (DI) water (18 mΩ) was generated using a Millipore Milli-Q 
Academic A-10 system. 
2.3.2 Fabrication of Full 3D Plasmonic Crystals 
A double-layer PDMS stamp (hard-PDMS/soft-PDMS) with a backup layer of 
quartz slide was used to nanoimprint UV curable polyurethane (PU, NOA 73, Norland 
Products) for the fabrication of plasmonic nanostructures. In the fabrication procedure, 
several droplets of the NOA prepolymer was casted onto a glass slide, which was then 
conformably contact with a PDMS stamp and the NOA was UV cured by exposing to UV 
light for 3 minutes through transparent PDMS stamp and quartz slide. After carefully 
peeling off the PDMS, the surface relief nanostructures of PDMS stamp replicated from a 
photolithographic master will be transferred to the surface of NOA thin layer. The 
nanostructured NOA films were usually put in a ~70oC oven over night for thermal 
curing before the metal deposition. A 5 nm layer of tin oxide was deposited on top of the 
NOA layer to serve as an adhesion layer, and a thin layer of gold was formed on the NOA 
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samples by sputter deposition (AJA sputtering system). Generally ~five PDMS stamps 
with good quality of nanostructures could be fabricated from one photolithographic 
master, while ~ten NOA replicates with good quality of nanostructures could be 
generated from one PDMS stamp before the PDMS stamp degrades.   
2.3.3 Transmission-Mode SPR Spectroscopy  
Varian 5G UV-Vis-NIR spectrophotometer was used to measure the transmission 
mode spectra of the 3D plasmonic crystals and the bulk sensitivity measurement.  The 
transmission mode spectra were generally measured with a normal incidence light in the 
wavelength range of 355 nm to 1600 nm. In the bulk sensitivity measurement, a PDMS 
flow cell (a PDMS gasket sandwiched between a glass slide and an open cavity which 
will contact with the surface of plasmonic crystal) was mounted on top of a plasmonic 
crystal and the polyethylene glycol (PEG) solution with increasing concentration (also 
increasing refractive index) are passing through the crystal surface. The real-time 
transmission change is monitored during the measurement by Varian 5G UV-Vis-NIR 
spectrophotometer. The PEG solutions were injected through the syringes pumped by a 
mechanical syringe pump (Harvard Apparatus) at a rate of 0.1 ml/min. New solutions 
usually were injected by hand at the beginning stage to completely flush the cell of the 
previous solution, following by the 0.1 ml/min injection rate by a mechanical pump. 
2.3.4 Microcontact Printing (μCP) and Backfilling of Self-Assembled Monolayers 
(SAMs)  
Patterned SAMs of alkanethiols[17-23] were formed on plasmonic crystals using 
μCP.[24-26] Briefly, a structured PDMS stamp was fabricated by casting and curing 
PDMS against a photolithographically defined photoresist pattern on a silicon wafer. The 
PDMS stamp was carefully peeled from the master and sonicated in chloroform, acetone, 
54 
 
and ethanol before use. The stamp was ‘inked’ with a 2 mM ethanolic solution of ODT, 
then dried under a stream of N2 for several minutes, and brought into contact with the Au 
plasmonic crystal for 30-40 s. After careful removal of the stamp, the plasmonic crystal 
was rinsed with ethanol to remove excess ODT and dried under a stream of N2. 
Backfilling of the bare regions of an ODT patterned plasmonic crystal with HDT 
was performed by submerging the μCP sample into a 2 mM ethanolic solution of HDT 
for selected periods of time. After immersion in the HDT solution for the selected period 
of time, the sample was rinsed thoroughly with ethanol to remove excess HDT and dried 
under a stream of N2. The sample was then imaged and the process was repeated until the 
sample was exposed to the HDT solution for a total time of 300s. For the work shown, 
the sample was imaged after total immersion times of 0, 30, 40, 50, 80, 140, and 300 s. 
The average value and standard deviation of the intensity of the ODT and surrounding 
regions was determined by taking data from several areas across each image. 
2.3.5    2D Imaging of SAMs  
Transmission mode images of the μCP ODT SAMs patterned on the surface of 
plasmonic crystals were acquired using an Axiovert 200M inverted research-grade 
microscope (Carl Zeiss). The sample was illuminated with white light at normal 
incidence and the transmitted light was collected with a 10x objective and projected onto 
a Cascade 512B back-illuminated, frame-transfer EMCCD camera (Roper Scientific). 
This 16-bit frame-transfer camera operates at 245 K and has a 512 x 512 array of imaging 
pixels, each of which is 16 x 16 μm. Images taken for the backfilling experiments were 
collected using an AX-70 upright microscope (Olympus) and a Magnafire CCD 
(Optronics) that has an 1280 x 1024 array of imaging pixels, each of which is 6.7 x 6.7 
55 
 
μm. Raw images had smooth variations in brightness where the periphery of each image 
was less illuminated than the center. This uneven illumination was removed by 
background correction.[12] 
2.3.6  Transmission Electron Microscopy (TEM) Cross-Section Sample 
Generation 
 
The nanostructured plasmonic crystal was fabricated on silicon wafer substrate. 
The sample was then cut into small pieces with the size of 1-2 mm2 and glue with dummy 
wafer using TEM epoxy to protect nanostructure. The sample was then manually polished 
with powder grains to the thickness of ~30 μm making sure that the sample is as flat as 
possible. Carefully separating the TEM sample from the dummy wafer by welting the 
TEM epoxy, the sample was put on the surface of TEM grid. The polished sample was 
further thinned using ion milling bombardment (Fischione Mill 2) to generate a thin 
boundary region that is transparent to TEM beam.  
2.3.7    Finite-Difference Time-Domain (FDTD) Calculations 
FDTD calculations[27-29] were used to model the normal incidence transmission 
spectra and electromagnetic field distributions of full 3D plasmonic crystals in both air 
and water. The unit cell geometry defines an infinite square array of nanostructured gold 
film parallel to the x-y plane with semi-infinite NOA material on the bottom side and air 
or water on the top side. The unit cell defined in the system calculations involved Nx × Ny 
× Nz = 189 × 189 × 750 total grid points. The incident plane wave was launched from the 
air/water side and the transmission spectrum was calculated on the NOA material side. 
Propagations in the unit cell were carried out for 150 fs. Perfectly matching layers were 
applied on both sides of the z grid to remove light exiting the defined unit cell. 
Appropriate periodic boundary conditions were used to define the edge of the x-y plane 
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consistent with the geometry of the infinite square array. The frequency dependent gold 
permittivity was described by a Drude plus two-pole Lorentzian model over a wavelength 
range of 350-1500 nm. The dielectric constants of NOA, air and water were taken to be 
2.43, 1.78, and 1.00 respectively. 
 
2.4       Results and Discussion 
Square arrays of cylindrical nanowells were molded into the surface of UV 
curable polyurethane using a soft nanoimprint technique[11, 30] that yields large-area, 
spatially uniform arrays suitable for SPR imaging applications (Figure 2.1). The 
diameters, depths, and periodicity of the cylindrical depressions used in this work are 
~456, 350, and 748 nm, respectively. A continuous Au layer was formed on the embossed 
polymer by sputter deposition in 5 mTorr Ar. The high resolution SEM insets of Figure 
2.2 clearly show the formation of a continuous Au layer on the embossed polymeric 
nanowells. TEM was used to characterize the Au thicknesses on the top surface of the 
crystal and on the sidewall and bottom of the nanowells, which were ~35, 12, and 20 nm 
thick, respectively (Figure 2.3). This gold coverage is different from the geometry of the 
gold on our previously reported quasi-3D plasmonic crystals, where the top layer of gold 
was physically separate from the gold at the bottom of the nanowells. 
Full 3D FDTD calculations with appropriate periodic boundary conditions were 
used to model the normal incidence transmission spectrum of a 3D crystal in air (Figure 
2.4a).[27, 31] Good agreement between experiment and theory required careful 
consideration of the Au film thickness on the nanowell array as measured by TEM 
(Figure 2.5).  Fourier transforms of the FDTD results revealed that the strong peak near 
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900 nm is primarily due to a localized surface plasmon resonance (LSPR) of the 
nanowells with large near-field intensities close to the walls and spanning across the 
opening of the nanowells (Figure 2.6). Other features in the spectra can be assigned to 
LSPRs, Bloch wave SPPs (BW-SPPs), and Wood's anomalies (WAs), or a combination of 
these, and the background thin film transmission of Au at ~500 nm (Figure 2.4a)[27]. For 
example, an approximate relation for the allowed wavelengths (λ) of BW-SPPs excited 
by normal incidence illumination on a square array of subwavelength holes in a metal 
film predicts lowest order BW-SPPs associated with the air/metal interfaces near 564 and 
764 nm, which correlate well with the spectral features observed near these λ in Figure 
2.4a.   
Full 3D FDTD calculations were also used to model the normal incidence 
transmission spectrum of a 3D crystal in contact with water (i.e. the air/metal interface 
was replaced with a water/metal interface as is encountered for real-time biosensing in 
solution). Figure 2.4b shows the experimental and theoretical transmission spectra of a 
3D crystal in contact with water in the range of 350 – 1000 nm.  Note that the plasmonic 
features associated with the water/metal interface are, in general, red-shifted relative to 
those for the air/metal interface as is expected for an increase in the surrounding 
dielectric constant. The FDTD calculations did not include water absorption, which 
becomes important for λ > 1000 nm and probably accounts for the 
theoretical/experimental differences in the higher λ range of Figure 1c.  
As shown in Figures 1b and 1c, the sensitivity of a 3D plasmonic crystal arises as 
a consequence of the significant intensity of, principally, BW-SPPs and LSPRs spanning 
the region from ~600-850 nm.  Through 3D FDTD calculations, we have found that the 
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sensitivity of these modes (for modest variations around the current design rules) increase 
as the diameter of the hole increases, the center-to-center spacing of the holes decreases, 
the nanowell depth increases, and as the thickness of the gold on the top surface and 
sidewalls and bottoms of the nanowells decreases. 
The multispectral sensitivity of the 3D plasmonic crystal to changes in bulk 
refractive index is shown in Figure 2.7. Spectra were collected as a function of time as 
solutions of increasing concentration (0-5.6 wt%) of polyethylene glycol (PEG, 
MW=10,000) were passed through a fluid flow cell containing a 3D crystal (Figure 2.8). 
The series of spectra were then referenced to the spectrum at time t = 0 to generate the 
difference map in Figure 2.7a, which shows the changes in transmission (due to peak 
position and intensity changes) over a broad range of wavelengths as the refractive index 
of the solution in the flow cell was increased.   
The bulk refractive index sensitivity of a plasmonic sensor is often determined by 
measuring the position of a single resonance or the intensity (e.g. extinction) at a single 
wavelength as a function of the refractive index of the surrounding fluid. Several 3D 
crystals were tested, and using this figure of merit (FOM), the most responsive features 
exhibited linear peak position shifts and magnitude changes with sensitivities of ~ 700-
800 nm/RIU at 1024 nm and ~ 3.5 Abs/RIU at 1077 nm (RIU defined as refractive index 
unit), respectively (Figure 2.9).  These values exceed the bulk refractive index 
sensitivities reported for most 2D nanohole (~400 nm/RIU) and nanoparticle arrays (76-
200 nm/RIU, 0.46 Abs/RIU).[32-39] 
A more appropriate FOM for an imaging sensor, in analogy with the functioning 
of the eye, is one that accounts for both wavelength and intensity-based contributions to 
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its optical response. To do so, we integrate the total spectral response of the PEG 
calibration, measured as the absolute value of difference spectra, over accessible 
wavelengths (355-1500 nm) as a function of time.[3, 30] This protocol yields the single 
response curve shown in Figure 2.7b (black). The integrated response of the 3D 
plasmonic crystal changed linearly with the refractive index of the PEG solution (Figure 
2.7b, inset, black) with a sensitivity of ~40,000 Δ%T*nm/RIU, which is a factor of 1.6 
times greater than the integrated bulk refractive index sensitivity of the quasi-3D 
plasmonic crystals reported in our earlier work (~25,000 Δ%T*nm/RIU).[3] Most of the 
enhancement in sensitivity originates from significant increases in the plasmonic 
response at visible wavelengths (Figure 2.7b, red). This is evident by comparing the 
integrated sensitivities of the 3D (Figure 2.7b, inset, red) and quasi-3D plasmonic crystals 
in the wavelength range of 355-1000 nm, which are ~20,000 Δ%T*nm/RIU and ~6,000 
Δ%T*nm/RIU, respectively. 
 The spectral features of a full 3D plasmonic crystal in air or water are blue-
shifted relative to the spectral features of a quasi-3D plasmonic crystal (Figure 2.10), 
which accounts for this greater visible wavelength sensitivity. As the array geometry 
(diameter, spacing, and depth of the nanoholes) of the full 3D plasmonic crystals is 
similar to that of the previously reported quasi-3D plasmonic crystals, the difference in 
spectral sensitivity must arise principally from effects due to the geometry of the metal.  
Changing the metal thickness on a full 3D plasmonic crystal strongly affects the width 
and magnitude of the peaks, but only weakly shifts the position of the spectral features 
(Figure 2.11). The blue-shift of the spectral features – and greater visible wavelength 
sensitivity – of the full 3D plasmonic crystals can therefore be attributed to the 
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architectural differences of the gold (the full 3D crystal has a conformal metal film on the 
embossed polymer whereas the quasi-3D crystal consists of a gold nanohole array that is 
physically separated from the gold disks at the bottoms of the nanowells). 
The increase in sensitivity at visible wavelengths, together with the high levels of 
spatial uniformity of the crystals, has important implications for monitoring/seeing 
binding events over large areas using a common laboratory optical microscope.  The data 
of Figure 2.12 demonstrates this by showing transmission-mode images of a well-defined 
model system--a 1-octadecanethiol (ODT) self-assembled monolayer (SAM)--patterned 
on the surface of a 3D plasmonic crystal by microcontact printing (μCP). The printed 
ODT regions (boxes and rectangles) show a greater transmission compared to the 
surrounding unmodified areas of the plasmonic crystal (Figure 2.12a). The single pixel 
line profile shown in Figure 2.12b illustrates the high signal-to-noise ratio obtained when 
imaging ~2 nm thick SAMs. An analysis of the step edge at the ODT patterned and 
unmodified regions of the 3D crystal was performed by convolving a step function and a 
Gaussian (Figure 2.12b, inset) to assess the spatial resolution of the 3D-integrated sensor; 
these data are well fit by a Gaussian width of σ = 3 μm, a value that is slightly larger than 
the resolution limit of the camera and imaging optics (1.6 μm). Further supporting this 
point, patterns of μCP lines of ODT as small as ~8 µm wide spaced by ~15 μm have also 
been imaged with full spatial resolution (Figure 2.13). The most significant point to note 
about the images presented here, ones obtained using white light illumination, is that the 
contrast they evidence is due to an integrated response of the camera to spectroscopic 
changes occurring predominantly in the visible region of the spectrum (no wavelength 
selecting filters were used). 
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The submonolayer sensitivity of a 3D plasmonic crystal is highlighted by the data 
presented in Figure 2.14.  A patterned SAM of ODT was formed on a plasmonic crystal 
by μCP (Figure 2.14a, red features), followed by controlled formation of a second SAM 
of 1-hexadecanethiol (HDT) in the originally unmodified areas of the crystal by 
immersing the ODT patterned crystal into an ethanolic solution of HDT (‘backfilling’).  
Transmitted light optical images of the sample were collected before and after backfilling 
at specific time intervals to measure the effect of HDT backfilling on the image contrast 
(defined here as the image intensity of the ODT patterned areas minus the image intensity 
of the surrounding areas of the crystal). Before backfilling, the μCP ODT patterns were 
clearly visible with an image contrast of ~0.05 (+/- 0.01) (Figure 2.14a) due to the 
refractive index difference between the ODT patterned and unpatterned areas.  
Backfilling with HDT decreased the image contrast (Figure 2.14b) since HDT adsorption 
onto the 3D crystal reduced the refractive index difference between the ODT regions and 
the surrounding areas at the surface of the crystal.  The ODT pattern is still visible, 
although less distinct, after backfilling with HDT for 5 min (Figure 2.14b). Figure 2.14c 
shows the decrease in plasmonic image contrast as a function of backfilling time that 
resembles an inverted first-order Langmuir adsorption isotherm. This plot illustrates the 
exquisite analytical sensitivity of these 3D plasmonic crystals, ones that can be used to 
differentiate between adsorbates with a mass difference of ~25 AMU. Independent 
analyses based on SEM images (an imaging technique that also has submonolayer 
sensitivity, Figure 2.15) affirm the formation of this patterned SAM.[40-43] 
The loss of the image integrity in Figure 2.14b can be attributed to several factors 
including: (i) the ODT SAM formed by μCP on the rough, polycrystalline Au substrate 
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sputtered on the nanostructured plastic surface contains many defect sites that can be 
filled by HDT;[19] and (ii) SAMs are dynamic systems where place exchange can occur 
between the ODT and HDT molecules during the backfilling procedure (control data 
suggest that as much as 30% of the ODT SAM can exchange during the backfill).[19, 44] 
These factors complicate plasmonic imaging since the mixing of HDT and ODT on the 
surface of the crystal will diminish the differences in the refractive index gradients sensed 
in the ODT and HDT regions of the crystal. Even so, the self-normalized (i.e. relative) 
magnitude of the grayscale contrast seen between the HDT and ODT regions is 
instructive (we use the normalized value to account for any drift in the intensity of the 
illumination source). One notes in this regard that the backfilling reduces the relative 
contrast to ~10% of its initial value. This correlates remarkably well with the fact that the 
25 AMU difference between the HDT and ODT corresponds to an ~11% difference in 
their chain length—the structural feature that would serve to directly scale the refractive 
index gradient supported by each SAM. This strongly suggests an ideal, and essentially 
linear, white light response of the CCD camera using this plasmonic sensor. 
 
2.5       Conclusions 
We have described a new type of 3D plasmonic crystal that is more sensitive than 
a previously reported quasi-3D plasmonic sensor by simply changing the geometry of the 
gold deposited on the nanostructured surface of the crystal. These inexpensive, easily 
fabricated 3D plasmonic crystals can be used to image surface adsorbates with 
exceptional analytical sensitivity and spatial resolution at visible wavelengths. These 
features, together with the high spatial uniformity of the crystals, make them promising 
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platforms for the development of microarrays that allow for the label-free detection of 
analytes by eye.          
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2.8        Figures  
 
Figure 2.1. 3D plasmonic crystal fabrication process: a) imprint; b) UV cure; c) 
remove PDMS stamp; and d) deposit gold. Soft nanoimprint lithography was used to 
fabricate the plasmonic crystals, as described previously. (a) First, a layer of 
photocurable polyurethane (PU, NOA 73, Norland Products) was cast onto a glass 
slide. (b) A PDMS stamp with surface relief features was used to emboss the NOA 
prepolymer and the sample was cured by UV light for 3 min. (c) After carefully 
removing the PDMS stamp, a ~10 μm thick NOA layer presented an inverse relief 
structure to the features of the PDMS stamp. (d) A 5 nm layer of tin oxide was 
deposited on top of the NOA layer to serve as an adhesion layer, and a 35 nm layer of 
gold was formed on NOA samples by sputter deposition (AJA sputtering system). e) 
Optical photographs of photolithographic master, PDMS stamp, and plasmonic 
crystals fabricated using soft nanoimprint lithography. 
b) 
c) d) 
a) 
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Figure 2.3. High resolution TEM cross-sectional images of a 3D plasmonic crystal. 
The top panel shows a typical cross section (scale bar is 500 nm).  The lower panels 
present high magnification TEM cross-sectional images showing the thickness of the 
sputtered gold on (a) the top of the crystal (~35-40 nm) and (b) on the sidewalls (~10-
15 nm) and (c) bottom (~20 nm) of the nanowells (scale bars are 20 nm). 
Figure 2.2. Scanning electron micrographs (SEM) of a crystal. (Left Inset) A top view 
SEM that shows the approximate nanowell diameter. (Right Inset) A high 
magnification SEM that shows the continuous Au layer on the surface of the nanowell 
array.  
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Figure 2.4. Transmission spectra of a 3D plasmonic crystal. (a) Normal incidence 
transmission spectrum of a plasmonic crystal in air (red) and rigorous electrodynamics 
modeling of the spectrum (black).  The features labeled a, b, and c correspond to BW-
SPPs, feature d arises from a combination of a LSPR and WA, and features e, f, and g 
correspond to LSPRs. (b) Normal incidence transmission spectrum of a crystal in 
water (red) and rigorous electrodynamics modeling of the spectrum (black). The 
features labeled a and b correspond to BW-SPPs, features c and d correspond to 
LSPRs, and feature e arises from a combination of an LSPR and WA.  
(b) 
(a) 
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Figure 2.6. Computed electromagnetic field distribution associated with the resonance 
at ~900 nm of a 3D crystal in air showing a localized surface plasmon excitation. 
Figure 2.5. Schematic diagram of the gold geometry used in the computational 
electrodynamics modeling to obtain good agreement between experiment and theory. 
The thickness of the gold on the top of the crystal and the sidewalls and bottom of the 
nanowell were ~ 35 nm, 12 nm, and 20 nm, respectively. 
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200nm
Figure 2.7.  Multispectral plasmonic response of a 3D plasmonic crystal to injections 
of increasing concentrations of aqueous PEG solutions. (a) Contour plot of the change 
in transmission (T%) as a function of wavelength and time (with the corresponding 
injected PEG concentrations indicated on the plot). (b) Integrated response (Int. Resp.) 
of a plasmonic crystal as a function of time over the wavelength ranges of 355-1500 
nm (black) and 355-1000 nm (red). (Inset) The corresponding linear correlation 
between the Int. Resp. and the change in refractive index of the PEG solutions for the 
two analyzed wavelength ranges.  
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Figure 2.8.  a) Side and front views of the flow cell used for the sensitivity calibration 
of the 3D plasmoniccrystal. Normal incidence transmission spectra were collected as a 
function of time as solutions of PEG were injected through the flow cell. b) 
Digitalpicture of a plasmoniccrystal mounted inside a flow cell. 
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Figure 2.9. Position and intensity changes of features associated with bulk refractive 
index changes in the solution in contact with the plasmonic crystal surface. a).The 
change in position and intensity of a feature at ~1024 nm to PEG solutions of 
increasing concentration (weight %): 0% (blue), 1.4% (green), 2.8% (red), 4.2% 
(cyan) and 5.6% (violet). (Inset) The corresponding linear correlation between the 
feature shift (∆λmin) and the change in refractive index of the PEG solution, 
exhibiting a sensitivity of ~700 nm/RIU. b). The change in intensity of the feature at 
~1077 nm is linearly related to the change in refractive index of the PEG solution and 
exhibits a sensitivity of ~3.5 Abs/RIU. 
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Figure 2.10. Normal incidence transmission spectra of quasi-3D (blue) and full 3D 
(red) plasmoniccrystals in air (a) and water (b). 
77 
 
 
Figure 2.11.  Normal incidence transmission spectra of 3D plasmoniccrystals in air 
with different gold thicknesses: 10 nm (black), 20 nm (green), 35 nm (blue), 50 nm 
(purple) and 75 nm (red). 
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Figure 2.12. Transmitted light images of microcontact printed (μCP) 1-
octadecanethiol (ODT) monolayers on a plasmonic crystal. (a) An array of squares and 
rectangles of ODT imaged using a 10x objective. (b) Vertical line profile through the 
image in panel (a). (Inset) A measured step edge (blue symbols) and a fitted step edge 
(green curve) with a Gaussian width of ~3 μm. 
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Figure 2.13.  Transmitted light images of microcontactprinted lines of ODT on a 3D 
plasmoniccrystal. The ODT lines have a width of ~8 μm and a spacing of ~15 μm. 
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Figure 2.14. Optical detection of submonolayer quantities of alkanethiols. (a) 
Transmitted light image of a microcontact printed ODT pattern (red features) on a 3D 
plasmonic crystal. (b) Transmitted light image of the sample after a 300 s backfill with 
HDT. (c) A plot of image contrast (ODT intensity – HDT intensity) as a function of 
the HDT backfilling time.  
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Figure 2.15. SEM image of a 3D plasmonic crystal patterned with ODT (light gray 
boxes) and backfilled with HDT for 300 s (scale bar is 100 µm).   
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CHAPTER 3 
MULTISPECTRAL THIN FILM BIOSENSING AND QUANTITATIVE 
IMAGING USING 3D PLASMONIC CRYSTALS  
 
 
The majority of the text and figures included here is reproduced with permission 
from the previously published paper: M. E. Stewart, J. Yao, J. Maria, S. K. Gray, J. A. 
Rogers, R. G. Nuzzo, “Multispectral Thin Film Biosensing and Quantitative Imaging 
Using 3D Plasmonic Crystals”, Anal. Chem. 2009, 81(15), 5980–5989. M.E.S. and J.Y. 
contributed equally to this work. Copyright 2009, American Chemical Society.  
My contributions include conducting the experiments and data analysis, and 
helping on the FDTD simulation. I would like to acknowledge Matthew Stewart for 
contributing to the experiments and data analysis. I would also like to acknowledge Joana 
Maria for conducting the FDTD simulation.  
 
 
3.1       Abstract 
This work provides optimized plasmonic crystal platforms for imaging mode 
biosensing and multispectral immunoassays, establishing and validating both the optical 
and equilibrium bases for their operation. We investigate the distance-dependent 
refractive index (RI) sensitivity of full 3D plasmonic crystals using thin polymeric films 
formed using layer by layer (LbL) assembly of polyelectrolytes as a model system.  The 
effects of gold thickness and plasmonic crystal design rules (nanowell diameter and 
periodicity) on the thin film sensitivity were established and full 3D finite-difference 
time-domain (FDTD) calculations were used to quantitatively model and confirm the 
experimentally observed thin film sensitivities.  The integrated multispectral response of 
the crystals increases approximately linearly with film thickness for values <70 nm, 
which enables the use of molecular rulers with known thicknesses (such as self 
assembled monolayers of alkanethiols on gold) to calibrate these optics for quantitative 
detection and speciation of surface binding events in a multiplexed imaging format.  The 
utility of these sensors for applications in quantitative biosensing was further 
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demonstrated by measuring the equilibrium response curve of an antibody/antigen pair 
(rabbit anti-goat IgG / goat IgG) at increasing antigen concentrations. Fitting the response 
to a Langmuir isotherm yielded a calculated binding constant on the order of ~107 M-1, 
which is in agreement with the affinity constants reported in the literature for anti-IgG / 
IgG binding pairs and provides intrinsic detection limits of ~400 pM for such 
unamplified assays. 
 
3.2       Introduction 
Surface plasmon resonance (SPR) spectroscopy has become a valuable tool for 
enabling real-time, label-free detection of biomolecular interactions in both singular[1-4] 
and multiplexed formats.[5-12] This technique exploits the sensitivity of surface 
plasmons to changes in RI index occurring at a metal (typically gold or silver)-dielectric 
interface and has found utility in applications ranging from fundamental studies of the 
thermodynamics and kinetics of biomolecular interactions[13-15] to medical 
diagnostics,[2, 16-18] environmental monitoring,[19, 20] and food safety.[21-23]   
 Propagating surface plasmon polaritons (SPPs) and localized surface plasmon 
resonances (LSPRs) are two types of SPRs used for sensing.[24]  SPPs can be excited by 
light at a metal-dielectric interface using prism, waveguide, or grating couplers.[2, 25]  
These plasmons propagate along a metal-dielectric interface with an electric field that 
decays exponentially over hundreds of nanometers into the dielectric.[2, 25]  LSPRs are 
nonpropagating resonances that can be directly excited by light on nanostructured metals, 
such as nanoparticles[26-29] and around nanoholes[30-32] and nanowells[33, 34] in 
metal films, and have an associated electric field that decays exponentially from the 
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surface over tens of nanometers.[35, 36] The decay lengths of the electric fields 
associated with SPPs and LSPRs impact the linearity and surface sensitivity of techniques 
that utilize them for sensing.[37-39]  
 We recently described two types of plasmonic crystals (quasi-3D and full-3D) 
formed by soft nanoimprint lithography that enable plasmonic imaging of binding events 
with micron spatial resolution and submonolayer sensitivity.[32, 34, 40]  These crystals 
exhibit complex optical responses and support Bloch-wave SPPs (BW - SPPs, the 
periodic analog of SPPs), LSPRs, related diffractive effects such as Wood’s anomalies 
(WAs),[41-43] and combinations of these resonant and diffractive phenomena.[44]  
Previous work[32] studied the multispectral response of the crystals to solutions of 
increasing RI, which uniformly changes the RI of the dielectric within the evanescent 
field of the plasmonic modes. These bulk solution RI studies do not reflect the conditions 
that are encountered during biosensing experiments where RI changes due to 
biomolecular interactions at the metal-dielectric interface occur within a fraction of the 
evanescent field (surface versus bulk RI changes).        
 Electrostatic layer-by-layer (LbL) assembly of polyelectrolytes has been used to 
form thin films of known thickness and composition on a variety of supports including 
planar surfaces, microparticles, and nanoporous templates.[45-47] In the present work, 
layer- by-layer (LbL) assembly of thin polyelectrolyte films[48-50] is used to directly 
study the surface sensitivity of full 3D plasmonic crystals, which yields useful 
information for biosensing applications regarding the sensing volume, linearity, and 
distance-dependent optical response of the crystals. The effects of gold thickness and 
design rules (nanowell diameter and periodicity) on the sensitivity of these devices are 
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investigated, and the optical response is quantitatively modeled using full 3D FDTD 
calculations. This systematic study reveals that crystals with a 120 nm thick layer of gold 
exhibit greater surface sensitivity than crystals with thicker or thinner gold films. We also 
demonstrate that the linear response of the crystals can be used together with molecular 
rulers – molecular assemblies with known thicknesses such as self-assembled monolayers 
(SAMs) of alkanethiols on gold[51-54] – to calibrate these systems for quantitative 
imaging and speciation of surface binding events. Quantitative, spectroscopic, real-time 
biosensing is also demonstrated, where equilibrium analysis is performed to determine 
the affinity constant of a model antibody-antigen pair and validate the operating response 
curve for a non-amplified immunoassay using an integrated response over a broad range 
of wavelengths. The ability to perform quantitative bioassays in spectroscopic and 
imaging modes, together with compact form factors, low-cost fabrication procedures, and 
opportunities for direct integration into microfluidic networks, arrays, or well plates 
demonstrate several attractive features of these sensing platforms.  
  
3.3.      Experimental   
3.3.1    Chemicals and Materials   
All reagents were used as received without further purification. Manganese (II) 
chloride tetrahydrate, poly(sodium 4-styrenesulfonate) (PSS, MW = 70,000 g/mol), 
poly(allylamine hydrochloride) (PAH, MW = 70,000 g/mol), 4,4′-dithiodibutyric acid 
(DTBA), N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodi-
imide hydrochloride (EDC), protein G, anti-goat immunoglobulin G (IgG) from  rabbit, 
goat IgG, globulins (bovine), fibrinogen (bovine), albumin (bovine), and myoglobin 
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(human) were purchased from Sigma-Aldrich.  Polydimethylsiloxane (PDMS, Sylgard 
184) was obtained from Ellsworth Adhesives and prepared according to the 
manufacturer’s directions. Norland Optical Adhesive 73 (NOA) was obtained from 
Norland Products. Phosphate buffered saline (PBS) was obtained from HyClone (Thermo 
Scientific) and used to prepare all protein solutions.  Deionized (DI) (18 mΩ), ultrapure 
water from a Millipore Milli-Q Academic A-10 system was used to prepare all 
polyelectrolyte solutions and was used in all rinsing steps.  
3.3.2     Fabrication of Full 3D Plasmonic Crystals 
Square arrays of cylindrical nanowells were molded into the surface of a UV 
curable polymer (NOA) using a soft nanoimprint technique that yields large-area, 
spatially uniform arrays.[32, 34, 55] Briefly, a composite PDMS stamp was used to 
emboss NOA drop-coated on a glass slide. The NOA was cured by exposure to UV light 
passed through the PDMS stamp for 3 min. After the PDMS was separated from the NOA, 
tin oxide (10 nm) and gold films (various thicknesses) were deposited on the embossed 
NOA by sputter deposition in 5 mTorr argon (AJA International).   
3.3.3    Multilayer Film Preparation and Characterization 
Carboxyl terminated SAMs were formed on the surface of the gold plasmonic 
crystals by incubating the crystals in ethanolic solutions of DTBA (33 mM) for 24 hours. 
After incubation, the crystals were rinsed thoroughly with ethanol and dried under a 
stream of nitrogen.  Polyelectrolyte layers were formed on the crystals using a previously 
reported LbL protocol[48] where PAH and PSS are alternately adsorbed on the carboxyl 
terminated surfaces.  Briefly, the crystals were immersed in a PAH polycation solution (3 
mg/ml, pH = 8.0) for 5 min, rinsed with water, and then immersed in a PSS polyanion 
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solution (3 mg/ml, pH = 2.0, 1 M MnCl2) for 1.5 min and rinsed with water. The 
polycation and polyanion immersion steps were repeated sequentially until a desired film 
thickness was achieved. LbL assembly of polyelectrolytes was performed on crystals 
with no gold film by depositing a thin film of SiO2 to provide the requisite surface charge 
for electrostatic adsorption of the initial polycation PAH layer. 
3.3.4    Transmission Measurements 
The optical response of the crystals to increasing thickness of the polyelectrolyte 
multilayer was characterized by collecting normal incidence transmission spectra (Varian, 
Cary 5G spectrophotometer) of the crystals during the assembly process.  In situ (in water) 
measurements were performed by placing a crystal in a flow cell and alternately passing 
solutions of PAH and PSS over the crystal.  Unbound polyelectrolyte was removed from 
the flow cell between each PAH and PSS injection by thoroughly rinsing the flow cell 
with water. The water rinse also provided a common solution with a known bulk RI for 
measuring the spectral changes induced by the adsorption of each layer onto the surface 
of the crystal, where the spectrum of the crystal after each layer was referenced to the 
initial spectrum of the crystal in water with no layers.  Ex situ (in air) measurements were 
performed by collecting spectra of the crystals in air after each polyelectrolyte layer was 
formed.  For these experiments, the crystals were thoroughly rinsed with water and gently 
dried under a stream of nitrogen prior to the measurement of each layer and before the 
addition of the next layer. The spectra were compiled and analyzed in Matlab, and plots 
of the changes in transmission as a function of film thickness were generated using the 
2D plot function after noise in the spectra was reduced using a moving average.         
3.3.5    Thin Film Thickness Measurements 
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The thicknesses of the polyelectrolyte multilayers were determined in separate 
experiments. To this end, thin films of tin oxide (10 nm) and gold (50 nm) were formed 
on glass microscope slides by sputter deposition, and the gold surfaces were modified 
using the same SAM and multilayer assembly processes (ex situ and in situ) described 
above. The ex situ thickness of the multilayers in air was determined by ellipsometry 
(Gaertner, L116C) and the in situ thickness of the multilayers in water was determined 
using a home-built SPR spectrometer and a previously reported method for quantitative 
analysis of thin films by SPR.[38] 
3.3.6     Finite-Difference Time-Domain (FDTD) Calculations 
  Full 3D FDTD calculations were used to model the normal incidence 
transmission spectra of crystals with different design rules and polyelectrolyte film 
thicknesses.[44, 56] Such calculations represent numerically rigorous solutions of 
Maxwell’s equations that allow one to predict the optical response of the 3D plasmonic 
crystals.  The calculations were performed using a 190 x 190 x 750 grid with a grid 
element size of 4 nm. Appropriate periodic boundary conditions consistent with an 
infinite square nanowell array in the x-y plane are assumed and perfectly matched 
absorbing layers in the lower and upper parts of z are applied to remove light as it is 
scattered outside the grid. A schematic diagram of the unit cell used for the modeling can 
be found in Figure 3.1. A time-windowed plane wave was launched from the polymer 
side, and the zero-order transmission spectrum was calculated above the gold on the air 
side. The wavelength dependence of the relative dielectric constant of gold was described 
by a Drude plus two-pole Lorentzian form,[57] with parameters fit to match experimental 
data for gold over the range of 350-1500 nm.[58] The dielectric constants of NOA,[59] 
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the polyelectrolyte multilayer,[60, 61] and air were set to 2.4, 2.2, and 1.0, respectively. 
Note that although the polyelectrolyte layer is composed of alternating PAH and PSS 
layers, this multilayer film can be reasonably modeled as a uniform medium with a single 
effective dielectric constant. 
3.3.7     Microfluidic Patterning of Plasmonic Crystals 
  A PDMS microfluidic device with a series of three parallel channels each ~60 μm 
wide was formed by casting and curing PDMS against a topographically patterned master 
consisting of photoresist on a silicon wafer.  The PDMS device was placed in conformal 
contact with a plasmonic crystal and each channel was filled with a 0.1 mg/ml solution of 
either fibrinogen, γ-globulins, or myoglobin in PBS using the channel outgas 
technique.[62]  After incubating for one hour, the channels were rinsed with PBS and the 
microfluidic device was removed from the plasmonic crystal. The crystal was then rinsed 
with water and dried under a stream of nitrogen.  
3.3.8     Two-Dimensional Spatial Imaging of Protein Patterns 
  Transmission mode images of proteins microfluidically patterned on the surface 
of a plasmonic crystal were collected using an Axiovert 200M inverted research-grade 
microscope (Carl Zeiss). The sample was illuminated with white light at normal 
incidence and the zero-order transmitted light was collected with a 10x objective and 
projected onto a Cascade 512B back-illuminated, frame-transfer EMCCD camera (Roper 
Scientific).  This 16-bit camera operates at 245 K and has a 512 x 512 array of imaging 
pixels, each of which is 16 x 16 μm. Raw images had smooth variations in brightness 
where the periphery of each image was less illuminated than the center. This uneven 
illumination was removed by background correction. 
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3.3.9     Antibody-Antigen Affinity Measurements 
A model bioassay was performed using a plasmonic crystal by immobilizing anti-
goat IgG (antibody) on the surface of a crystal and measuring changes in normal 
incidence transmission at all wavelengths as solutions of increasing concentration of goat 
IgG (antigen) were injected into the flow cell containing the crystal. The surface of a 
crystal was prepared for biosensing by functionalizing the crystal with a carboxyl-
terminated SAM by immersing the crystal in a 33 mM ethanolic solution of DTBA for 12 
hours. The crystal was thoroughly rinsed with ethanol and placed in a flow cell, and the 
terminal carboxyl groups of the SAM were activated using a 4:1 solution of EDC (200 
mM) : NHS (50 mM) for 30 min. The crystal was then rinsed with PBS and exposed to a 
0.5 mg/ml solution of protein G in PBS for ~30 min. The crystal was subsequently rinsed 
with PBS and a 0.05 mg/ml solution of anti-goat IgG was injected into the flow cell for 
~1.5 hours, followed by a buffer rinse. The extent of surface functionalization and 
specificity of the surface chemistry was tested by injecting a 0.01 mg/ml solution of 
bovine serum albumin (BSA). No change in transmission was observed upon injection of 
the BSA solution, indicating that the surface was blocked against nonspecific adsorption.  
The target molecule, goat IgG, was then injected at increasing concentrations and the 
response was recorded as a function of time.    
 
3.4       Results and Discussion 
Figure 3.2(a) shows a scanning electron micrograph of a plasmonic crystal 
consisting of a square array of cylindrical nanowells with diameters, depths, and 
periodicities of ~472, 350, and 728 nm, respectively.  A continuous gold film was formed 
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on the embossed polymer by sputter deposition, and the thickness of the gold on the top 
surface of the crystal and on the sidewalls and bottoms of the nanowells was ~35, 12, and 
20 nm, respectively (Figure 3.3).[32]  A carboxyl terminated SAM was formed on the 
surface of the crystal by placing it in an ethanolic solution of DTBA for 24 hours.  This 
SAM provided the surface charge required for electrostatic adsorption of the polycation, 
PAH, to the surface of the crystal.  Additional polyelectrolyte layers were formed on the 
crystal by sequentially dipping the sample in PSS (polyanion) and PAH solutions using a 
previously reported LbL assembly protocol to form PAH/PSS multilayers.[48]  
 A schematic depiction of the process used to assemble the polyelectrolyte layers 
and characterize the spectral response of the plasmonic crystal to increasing film 
thickness is shown in Figure 3.2(b). Figure 3.2(c) shows a series of normal incidence 
transmission spectra of the crystal collected in air during the LbL assembly process at 
increasing film thicknesses. The features in the spectra generally tend to redshift, broaden, 
and increase in intensity as the thickness of the multilayer film increases at the surface of 
the crystal. Figure 3.2(d) shows SEM images of the plasmonic crystal before and after the 
formation of polyelectrolyte multilayers. The thickness of the polyelectrolyte film 
measured in the SEM image near the edge of the nanowell (׽99 nm) agrees with the 
thickness of the film formed on a flat gold film (control sample) measured by 
ellipsometry, which indicates good correlation between the polyelectrolyte film thickness 
measured on the flat gold slides and the film thickness on the surface of the plasmonic 
crystals. These results correlate well with those of previous studies that examined the LbL 
assembly of polyelectrolyte films on nanoporous templates including track-etched 
membranes or anodized aluminum oxide templates and found excellent fidelity in the 
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layers and polymer tubes obtained. The latter template materials have nanopore diameters 
of 200-800 nm and aspect ratios (pore depth to pore diameter) of 25-300, challenging 
feature dimensions that exceed the relatively shallow nanowells of the plasmonic crystals 
examined in this work (aspect ratios of ׽0.7).[45, 63, 64] 
 Previously we demonstrated that full 3D FDTD calculations with appropriate 
periodic boundary conditions could be used to model the normal incidence transmission 
spectra and electromagnetic field distributions at the surface of 3D plasmonic crystals 
with nanowell diameters, depths, and periodicities of 456, 350, and 748 nm, 
respectively.[32] The features in the spectra were assigned to thin film transmission of 
gold around 500 nm, BW-SPPs, LSPRs, diffractive effects such as WAs, and 
combinations of LSPRs and WAs.  Here we use full 3D FDTD calculations to model the 
normal incidence transmission spectra of 3D plasmonic crystals with different design 
rules (diameters and periodicities) and polyelectrolyte film thicknesses (Figure 3.4). 
Figure 3.4(a) shows experimental (black) and calculated (red) normal incidence 
transmission spectra of a crystal with nanowell diameters, depths, and periodicities of 472, 
350, and 728 nm, respectively, with total polyelectrolyte layer thicknesses of 20, 72, and 
99 nm. Figure 3.4(b) shows experimental (black) and modeled (red) spectra of a crystal 
with nanowell diameters, depths, and periodicities of 252, 350, and 564 nm, respectively, 
for the same polyelectrolyte film thicknesses. For simplicity, the crystal geometries in 
Figures 3.4(a) and 2(b) will be referred to as the 728 and 564 nm periodicity crystals, 
respectively. As expected, the features in the spectra of the 564 nm periodicity crystal are 
blue-shifted with respect to the 728 nm periodicity crystal.[65, 66] These data also show 
that modeling captures the experimentally observed changes in the positions and 
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intensities of the peaks and minima in the spectra. For example, the modeled spectra 
account for the experimentally observed increase and subsequent decrease in intensity of 
the features near 550 nm for both crystals when the polyelectrolyte film thickness is 
increased from 20 to 72 nm and from 72 to 99 nm, respectively.  
To understand the spectral shifts described above (Figure 3.4) in greater detail 
requires extensive analysis of the FDTD calculated electromagnetic fields, which is 
beyond the scope of this text. Nonetheless we can comment on several general aspects. 
As described in ref. 44, the transmission features can be related to broad LSPRs with fine 
structures due to BW-SPPs. In many cases we can assign local transmission minima to 
specific BW-SPPs at the gold-polyelectrolyte film interface and the gold-NOA interface. 
The similarity of the dielectric constants of the polyelectrolyte film and NOA (2.2 and 2.4, 
respectively) suggests the possibility of doublet structures, and several of these doublets 
are indeed observed in Figure 3.4. 
The strength of our plasmonic crystals is the additional responsive complexity 
present in these optics relative to simpler SPR systems; however, this makes truly 
quantitative modeling of these structures difficult to achieve. In addition, we have 
previously shown that transmission features, particularly the relative intensities of these 
features, can be quite sensitive to the nanoscale structure of the gold at the surface of the 
crystals compared to the more ideal metal geometries assumed in calculations and that 
more fully quantitative modeling can be achieved by performing detailed, high-resolution 
electron microscopy studies of the structure of the gold at the surface of the crystals.[32, 
34]  Here we show agreement in the positions of the spectral features in the experimental 
and calculated spectra and fairly good agreement in the intensities of the transmission 
94 
 
features at many wavelengths and polyelectrolyte film thicknesses without the need for a 
highly detailed analysis of the nanoscale gold geometry at the surface of the crystal. This 
level of agreement is sufficient to identify the nature and contributions of the excitations 
to the spectral response as described above; however, it is not at a level to substitute 
calibration of the optics for quantitative sensing, which we perform using LbL assembly 
of polyelectrolyte thin films and self-assembled monolayers as described below. 
 The measured multispectral sensitivities of the 728 and 564 nm periodicity 
plasmonic crystals in Figure 3.4 to increasing polyelectrolyte layer film thicknesses are 
shown in Figures 3.5(a) and 3.5(b), respectively. Normal incidence transmission spectra 
of the crystals were collected in air after polyelectrolyte layers with known thicknesses 
were formed on the surface of the crystals using the LbL assembly protocol described 
above. Spectra were collected over the spectral range accessible by most inexpensive 
silicon-based detectors (350-1050 nm). The series of spectra were then referenced to and 
normalized by the initial spectrum of the crystal in air with no polyelectrolyte layers to 
generate the difference maps shown in the top panels of Figures 3.5(a) and 3.5(b).  
Mathematically, this analysis is described by the following equation: 
)(
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−=             (1) 
where Rth(λ) is the normalized optical response (i.e. normalized change in transmission) 
of the crystal as a function of wavelength for a specific polyelectrolyte layer thickness 
(th), Tth(λ) is the transmission of the crystal as a function of wavelength for a given 
polyelectrolyte layer thickness, and T0(λ) is the initial transmission of the crystal as a 
function of wavelength with no polyelectrolyte layers.  These maps show changes in 
transmission due to shifts in the positions and intensities of the features in the spectrum 
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as the thickness of the polyelectrolyte layer is increased.  In contrast to our previous 
work,24 here we normalize the change in T by To to compensate for the effects of Fresnel 
reflections on the measured optical response and capture only the sensing signal 
associated with the plasmonic resonances and WAs (Figures 3.6 and 3.7).  
 The middle panels of Figures 3.5(a) and 3.5(b) show the experimental (curves) 
and calculated (symbols) normalized changes in transmission as a function of 
polyelectrolyte film thickness at selected wavelengths.  These results illustrate the strong 
wavelength and distance dependent surface sensitivities of the crystals, where the 
sensitivity – given by the slope of the curve – can increase or decrease as the thickness of 
the polyelectrolyte layer is increased. Although these crystals clearly exhibit different and 
complex wavelength dependent optical responses as a function of the polyelectrolyte film 
thickness (Figures 3.5(a) and 3.5(b), top and middle panels), the crystals yield 
qualitatively similar integrated multispectral responses (Figures 3.5(a) and 3(b), bottom 
panels), which are calculated over the measured wavelength range (350-1050 nm) using 
the following equation:  
∫= 1050350 )( λλ dRIR th                    (2) 
where IR is the integrated response and Rth(λ) is given by Eq. (1).  The crystals exhibit an 
increase in IR to increasing polyelectrolyte film thicknesses until a thickness of ~90 nm, 
after which the IR decreases with increasing film thickness. The linear correlation 
between film thickness and IR over thicknesses greater than the size of typical protein 
and diagnostic biomarkers make these platforms suitable for performing quantitative 
bioassays as will be demonstrated below. A qualitatively similar distance-dependent 
response was observed by Rindzevicius et al.[67] when measuring the LSPR peak shift of 
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short-range ordered gold nanodisks and nanoholes upon the formation of Langmuir-
Blodgett multilayers. 
While we have shown that the FDTD calculations capture reasonably well the 
experimentally measured spectral features (Figure 3.4) and changes in transmission 
caused by thin film assembly (middle panels of Figure 3.5a,b), some discrepancies are 
observed in the latter calculations at specific wavelengths. The middle panel of Figure 
3.5a shows that at large film thicknesses the calculated Rth at λ = 728 nm (green triangles) 
deviate from the measured Rth (green curve) and overlap with the calculated Rth at λ = 
408 nm (cyan squares). Discrepancies of this sort can occur when spectral features shift 
slightly differently or have different widths in theory and experiment. 
The sensitivity of the crystals to surface binding events is determined by taking 
the derivative of the IR versus film thickness curves in the bottom panels of Figures 3.5(a) 
and 3.5(b).  These plots clearly show that the 728 nm periodicity crystal is more sensitive 
to surface binding events than the 564 nm periodicity crystal.  Fitting the approximately 
linear region of the curves over film thicknesses of ~0-80 nm yields sensitivities of ~13 
and ~9 IR/nm for the 728 and 564 nm periodicity crystals, respectively. These thin film 
sensitivities describe the change in IR measured across the visible spectrum per 
nanometer of polyelectrolyte film (i.e., a film thickness) formed on the surface of the 
crystal and cannot be directly compared to the more traditional bulk refractive index 
sensitivity values reported in the literature for SPR sensors that describe the change in the 
SPR position or intensity at a single wavelength per unit increase in the bulk refractive 
index of a solution in contact with the sensor.[68]  
A figure of merit (FOM) commonly used to compare the sensitivity of plasmonic 
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sensors is the bulk refractive index sensitivity, which is determined by measuring changes 
in the position or intensity of a single resonance peak or wavelength, respectively, as the 
bulk refractive index of the fluid in contact with the SPR sensor is changed. The 3D 
plasmonic architectures described in this work yield much more complex optical 
responses than traditional LSPR and SPR sensors and exhibit multiple spectral features 
(due to the excitation of LSPRs, BW-SPPs, WAs, and couplings of these features) that all 
shift in position and intensity as the refractive index of the contacting solution is changed. 
The commonly used analytical protocol and FOMs that describe the sensitivity of 
plasmonic sensors at single wavelengths or resonances, therefore do not fully capture the 
sensitivity of the 3D plasmonic crystals because it ignores the information/signal 
associated with the multiple features in the spectra. We have developed a type of full, 
multispectral analysis and associated sensitivity metric that exploits this information to 
enhance the sensing capabilities of 3D plasmonic crystals as is described below. The 
multispectral sensitivity of two 3D plasmonic crystals with different gold thicknesses to 
changes in bulk refractive index is shown in Figure 3.8(a) and 3.8(b). 
Spectra were collected as a function of time as solutions of increasing 
concentration – and thus refractive index – of poly(ethylene glycol) (PEG, 
MW=10,000g/mol) were passed through a fluid-flow cell containing the 3D crystals. The 
series of spectra were then referenced to the initial spectrum at time t=0 to generate the 
difference maps in the top panels of Figure 3.8, which show the changes in transmission 
(due to changes in peak position and intensity) over a broad range of wavelengths as the 
refractive index of the solution in the flow cell was increased. Measuring the change in 
intensity at one wavelength or the change in position of one peak in the spectral response 
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of the crystals – the common analytical protocol for SPR sensors that exhibit single 
resonances – to refractive index changes ignores the information associated with the other 
peaks in the spectra. A more appropriate FOM for these 3D crystals is one that accounts 
for both the wavelength and intensity-based contributions to the optical response over the 
full responsive wavelength range, which is given by: 
                                     IR = ( )( )∫ Δ λλ dT%          (3) 
Where IR is the integrated response in units of (%T)nm and Δ %T(λ) is the change in 
percent transmission as a function of wavelength. This analytical protocol yields a single 
response curve that accounts for the broad responsive wavelength range of the crystals 
(middle panels of Figures 3.8(a) and 3.8(b)). These plots show the change in IR of the 
crystals as solutions of increasing concentration of PEG (increasing refractive index) are 
injected into the flow cell. The bottom panels of Figures 3.8(a) and 3.8(b) show that the 
IR is linearly related to the change in bulk refractive index of the PEG solution. The slope 
of the lines yield the multispectral bulk refractive index sensitivity of the crystals, which 
are ~41,000 and 13,000 (%T)nm/RIU (refractive index unit) for the 35 and 95nm thick 
gold crystals respectively. As suggested by the units, this metric weights both the shifts in 
the positions and intensities of the resonances across the spectrum as the bulk refractive 
index of the solution is changed. Since this multispectral analysis method is new, these 
integrated bulk refractive index sensitivities cannot be directly compared to the bulk 
refractive index sensitivity values reported in the literature for LSPR and SPR sensors. 
Multispectral analysis of a bulk refractive index sensitivity calibration experiment 
described above showed that the nondimensionless, multispectral bulk refractive index 
sensitivity of a ׽730 nm periodicity crystal with a 35 nm nominal gold thickness is ׽41 
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000 (%T) nm/RIU. As the units suggest, the multispectral analysis approach weights both 
change in the positions and intensities of the many spectral features over the multiple 
responsive wavelengths of a plasmonic crystal and is not a measure of the change in 
position or intensity of a single resonance or wavelength as is commonly used to describe 
the sensitivity of SPR sensors.[38, 68] 
The effect of gold thickness on the sensitivity of these optics to surface binding 
events was also investigated.  We found that the sensitivity increased with gold thickness 
up to a maximum around ~120 nm, after which the sensitivity decreased (Figure 3.9).  
These surface sensitivity results are in good agreement with experimentally determined 
and modeled bulk RI sensitivities of the crystals as a function of gold thickness.[69]     
Previously we showed that a simple mathematical model developed for 
quantifying binding events using planar gold film SPR spectroscopy can be applied to 
quantitatively interpret the real-time response of plasmonic crystals to binding events in 
solution.[34] This adapted model relates a measured IR to an effective film thickness (d) 
adsorbed to the surface of a crystal by the following equation:[38]        
)]/2exp(1)[( dsa ldnnmIR −−−=              (4) 
where ld is the decay length of the electric field at the surface of the crystal, which is 
~25%-50% of the wavelength of the incident light, m is the bulk RI sensitivity, and na and 
ns are the refractive indices of the thin film adsorbed to the surface of the crystal (e.g. 
protein) and the bulk dielectric above the thin film (e.g. buffer), respectively.  This model 
assumes a uniform characteristic ld of the plasmon evanescent field into the dielectric 
medium above a planar gold film.  This assumption is valid for a planar dielectric-gold 
interface with a single SPP resonance peak, but is an oversimplification for our plasmonic 
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crystals that support multiple plasmonic modes (LSPRs and SPPs) with characteristic 
decay lengths and WAs, and exhibit changes in both peak positions and intensities over 
most of the spectral range with changes in RI.[38]   
 Given the complexity of the optical response of the crystals, a more direct 
approach to quantify binding events at the surface of the crystals is to calibrate the optical 
response of the sensors by measuring a molecular layer of known thickness. Here, we 
show that the short-range linearity (within <70 nm of the crystal surface) of the IR of the 
plasmonic crystals to thin film assemblies can be used together with molecular rulers – 
molecular assemblies with known thicknesses such as SAMs of alkanethiols on gold – to 
calibrate these optics to effect quantitative imaging and speciation of surface binding 
events. This approach directly takes into account the heterogeneous fields of the SPPs 
and LSPRs at the surface of the crystal and contributions from WAs that are not 
accounted for in Eq. (4).  It also eliminates the need to estimate the decay length of the 
fields at the surface of the crystals and the need to measure bulk RI sensitivity factors by 
directly measuring a surface specific sensitivity factor. 
 As a demonstration, three proteins with different molecular weights were 
patterned via nonspecific adsorption on the surface of a crystal using a microfluidic 
device (Figure 3.10(a)) and imaged using an optical microscope equipped with a CCD 
camera and halogen bulb (Figure 3.10(b)). The three proteins, patterned from left to right 
in the image, were fibrinogen (MW ~ 340 kDA), g-globulins (MW ~ 158 kDa), and 
myoglobin (MW ~ 14.4 kDa). The protein lines are clearly visible due to the refractive 
index difference between the protein patterned and unpatterned regions. The image 
contrast (defined as the intensity of the protein patterned areas minus the intensity of the 
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unpatterned areas) was converted to thickness using a calibration factor that was 
previously determined by measuring the image contrast upon the formation of an ~2 nm 
thick SAM (a change in image intensity of ~0.04 (± 0.01)). Figure 3.10(c) shows the 
average line profile of the image shown in Figure 3.10(b). As expected, the intensity of 
the protein lines scaled with their molecular weight and the estimated thickness of each 
protein agreed well with the ellipsometrically measured thickness of the protein on a 
planar gold film.[70] The important aspects of this demonstration include (i) spatially 
resolved imaging of molecular adsorbates can be achieved with these crystals using a 
common laboratory microscope equipped with a CCD camera and a white light source; 
(ii) image intensity changes scale with the molecular weight of the adsorbate; and (iii) 
quantitative analysis of the imaging can be achieved by calibrating the response of the 
crystal with a molecular ruler. The signal-to-noise level of the image shown is not 
intrinsic to the plasmonic crystal optic and can be optimized by changing acquisition 
parameters such as increasing frame averaging. 
A more relevant system to study in regards to bioassays is the in situ thin film 
surface sensitivity of a plasmonic crystal in water to increasing polyelectrolyte film 
thickness (Figure 3.11). The middle panel of Figure 3.11 shows that a 728 nm periodicity 
crystal in water exhibits complex wavelength and distance-dependent surface sensitivity 
to binding events, similar to the response observed for a 728 nm periodicity crystal in air.  
Unlike the IR response of the crystal in air, however, the IR of the crystal in water 
saturates rather than decreases in magnitude at film thicknesses >95 nm (Figure 3.11, 
bottom panel).  An important point to note is that the single wavelength responses of the 
crystal in water remain sensitive to surface binding events at thicknesses >95 nm, which 
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makes single wavelength measurements more useful for analyzing thick films. The IR, 
however, is still a useful metric for the detection of binding events over distances that are 
relevant for most bioassays and provides greater signal-to-noise than single wavelength 
measurements, as described previously.[34] 
The binding of solution-phase goat IgG to surface immobilized anti-goat IgG was 
chosen as a model system for demonstrating the utility of full 3D plasmonic crystals for 
performing quantitative analysis of biomolecular interactions relevant to diagnostic 
bioassays. To this end, the surface of a crystal was prepared for selective detection of 
solution-phase goat IgG using a multi-step surface functionalization protocol. First, 
protein G was covalently coupled to the surface of a crystal using carboxyl-terminated 
SAMs and EDC/NHS succinimidyl ester chemistry.[71, 72] The protein G served as a 
receptor to immobilize and orient anti-goat IgG on the surface of the crystal such that the 
antigen-binding fragment of the antibody was oriented away from the surface so that it 
could capture the solution-phase antigen, goat IgG.  BSA was then injected into the flow 
cell and no response was observed, which indicated that the crystal surface was blocked 
against nonspecific binding. Equilibrium analysis of the antigoat IgG/goat IgG pair was 
probed by increasing the concentration of goat IgG in the running buffer as a step 
gradient from 1 pM to1 μM.  Each concentration of goat IgG was incubated in the flow 
cell for ~1 hour before injection of the next goat IgG solution. Incubation times for 
immunoassays depend on several factors including the concentrations of the binding pairs, 
the ionic strength of the solution, and the affinity constant of the binding pair.[73, 74] The 
1 hour incubation time was selected to maximize the equilibrium binding response for 
several of the lower antibody concentrations measured in this work. 
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The binding profile of the antibody-antigen pair is shown in Figure 3.12. This plot 
shows the estimated surface coverage (θ = normalized IR) of the crystal as a function of 
the solution-phase goat IgG concentration and exhibits a commonly observed adsorption 
isotherm profile.[75-77]  The binding constant of the antibody-antigen pair was estimated 
by fitting the binding profile to a Langmuir isotherm:[75, 77] 
][1
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+=θ      (5) 
where Ka is the apparent affinity constant and [IgG] is the solution-phase goat IgG 
concentration. The best fit to the data yielded an estimated surface confined affinity 
constant of ~7*107 M-1, which is consistent with affinity constants reported in the 
literature for IgG/anti-IgG binding pairs. [75, 77] These results demonstrate that the 
crystals and multispectral analysis protocol can be used to quantitatively measure the 
equilibrium binding constant of a binding pair (i.e., the IR response for a given analyte 
concentration is directly related to the equilibrium binding affinity constant). 
A commonly used figure of merit of a sensor is the limit of detection (LOD), 
which is related to the resolution of the system (the smallest detectable refractive index 
change). The resolution of a plasmonic sensing platform is determined by intrinsic (e.g., 
the refractive index sensitivity of the device itself) and extrinsic (e.g., signal averaging, 
thermodynamic affinity constant of the binding pair, molecular weight of analyte, surface 
chemistry (ligand density, nonspecific binding, signal amplification), temperature 
fluctuations, and noise associated with the spectrometer, optics, source, and detector) 
factors. Our experiments were performed without signal averaging, temperature control, 
or chemical amplification. The extrinsic limitations inherent in the detection system 
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restricted our current LOD for these in situ measurements to antibody binding coverages 
that would produce an integrated response of ׽0.3 (or roughly 3× the limiting noise level 
of a blank sample). Stated differently, this sensor without further optimization and absent 
other complications will discriminate coverage as low as ׽3% of a monolayer of the 
conjugate antibody, which for an unamplified equilibrium assay corresponds to a solution 
concentration of ׽400 pM (or equivalently a surface coverage of ׽16 ng/cm2). For 
comparison, studies using prism coupled SPR sensors have reported achievable limits of 
detection for antibody binding at surface coverages of ׽0.3 ng/cm2.[78] As noted above, 
the detection limits depend on the affinity constants of the specific binding partners and 
the quality of the surface chemistry used in the assay. It therefore is instructive to 
consider comparisons based on the adsorption of a similar protein, bovine serum albumin 
(BSA), adsorbed on gold. The reported nonoptimized LOD of the plasmonic crystal in 
this case differs by about a factor of 2 from the LOD reported for a prism-coupled 
SPR.[68] 
While it is possible to improve our LOD by employing temperature control, signal 
averaging using a spectrometer equipped with a photodiode array, and signal 
amplification strategies, it remains that real LODs will likely be limited in unamplified 
assays by features other than the instrument given the magnitude of the equilibrium 
binding affinity of the immunoassay pairing. Foremost among these for a real titer would 
be the obscuring background provided by nonspecific adsorption of molecules in the 
complex matrix. The present data therefore suggest that a considerable opportunity for 
improving the capabilities of plasmonic label-free detection systems in fact resides in the 
chemistries used to enable them. 
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3.5       Conclusions 
 This work described the use of LbL assembly of polyelectrolytes to systematically 
study the thin film sensitivity of full 3D plasmonic crystals in air and liquid environments.  
The effects of gold thickness and design rules (nanowell diameter and periodicity) on the 
thin film sensitivity of the crystals were investigated, and full 3D finite-difference time-
domain calculations were used to quantitatively model and elucidate the experimentally 
observed thin film sensitivities. It was found that crystals with gold thicknesses of 
~120 nm are more sensitive to surface binding events than crystals with either thinner or 
thicker gold films.  The linearity of the integrated multispectral response of the crystals to 
a thin film assembly (< 70 nm) allowed the use of a molecular ruler of known thickness, a 
SAM, to calibrate these optics for quantitative spatial imaging and speciation of surface-
adsorbed proteins. The functionality of these devices for quantitative biosensing was 
further demonstrated by measuring the affinity constant of an antibody/antigen binding 
pair.  These results together with the low-cost of fabrication, simple readout apparatus 
and geometry, compact form factors, and potential for direct integration into microfluidic 
networks make these devices simple to implement and interesting candidates for label-
free array based detection. 
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3.8       Figures  
 
 
 
 
Figure 3.1. Schematic illustration of a cross-sectional cut through the x-z plane of the 
unit cell used in the FDTD calculations. The grey area labeled LbL corresponds to the 
alternating PAH and PSS polyelectrolyte layers, which are modeled as a single 
effective medium. 
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Figure 3.2. Layer-by-layer (LbL) assembly of polyelectrolytes on plasmonic crystals. 
(a) Scanning electron micrograph (SEM) of a 3D plasmonic crystal. (b) A schematic 
diagram illustrating the normal incidence transmission configuration used to probe the 
spectral response of the crystals during the LbL assembly of poly(allylamine 
hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS) multilayers on the 
surface of the crystals. (c) Transmission spectra of a crystal in air as a function of the 
PAH/PSS multilayer thickness, 0 nm (black); 5 nm (cyan); 15 nm (violet); 26 nm 
(green); 43 nm (red); 72 nm (blue); 92 nm (brown); and 99 nm (magenta). The dashed 
arrow indicates an increase in transmission with thickness at low frequencies. (d) 
High-magnification SEMs that show a crystal before (left) and after (right) LbL 
assembly of an ׽99 nm thick polyelectrolyte film. 
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Figure 3.3. A schematic illustration of a cross-sectional cut through a plasmonic 
crystal with gold thicknesses on the top of the crystal and sidewalls and bottoms of the 
nanowells of 35, 12, and 20 nm, respectively. 
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Figure 3.4. Experimental (black) and calculated (red) normal incidence transmission 
spectra of 3D plasmonic crystals with different design rules and polyelectrolyte layer 
thicknesses. (a) Plasmonic crystal with nanowell diameters, depths, and periodicities 
of 472, 350, and 728 nm, respectively, with polyelectrolyte layer thicknesses of 20 
(top panel), 72 (middle panel), and 99 nm (bottom panel). (b) Plasmonic crystal with 
nanowell diameters, depths, and periodicities of 252, 350, and 564 nm, respectively, 
with the same polyelectrolyte thicknesses. 
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Figure 3.5. Difference maps and integrated responses (350-1050 nm) of plasmonic 
crystals with different design rules to increasing thickness of polyelectrolyte 
multilayers, measured in air at 20 selected film thicknesses. (a) The results of a crystal 
with a nanowell periodicity of 728 nm; and (b) the results of a crystal with a nanowell 
periodicity of 564 nm (same crystals described in Figure 2). The top panels present 
measured difference maps, the middle panels show the measured (curves) and 
calculated (overlaid symbols) Rth or changes in %T/%T0 as a function of the 
multilayer thickness at several wavelengths, and the bottom panels show the measured 
(black curve) and calculated (red circles) integrated multispectral responses (Int. 
Resp.). The single wavelengths shown in the middle panel of part a correspond to 408 
(cyan squares), 607 (red triangles), 728 (green triangles), and 891 nm (blue, circles), 
and those in the middle panel of part b correspond to 439 (cyan squares), 667 (red 
triangles), 768 (green triangles), and 1044 nm (blue circles). The last two green 
triangles in the middle panel of part a corresponding to the calculated Rth for the ׽72 
and 98 nm thick polyelectrolyte film overlap with the cyan squares. 
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Figure 3.6. 
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Figure 3.7. Normal incidence transmission spectra of an NOA grating and plasmonic 
crystal covered with a 70 nm thick gold film. 
Figure 3.6. cont. Comparison of the optical response of a ~728 nm periodicity 
plasmonic crystal with (crystal) and without (NOA) a 70 nm gold film to increasing 
polyelectrolyte film thicknesses measured in air. The top and middle panels present 
difference maps of the gold plasmonic crystal and the NOA grating, respectively. The 
equations used to calculate the difference maps in columns (a) and (b) are shown at 
the top of the columns. In (a) the change in transmission due to increasing 
polyelectrolyte film thickness is not normalized by the initial transmission (To) of the 
crystal – an approach to multispectral sensing described by us previously[1], where as 
in (b) the change in transmission is normalized by To to compensate for Fresnel 
reflections (see Eq. 1 in the main text of this work). The bottom panels in (a) and (b) 
show the corresponding integrated responses of the difference maps in the top and 
middle panels, where the integrated response is calculated using Eq. 2 in the main text. 
The sensitivity of the crystal and NOA grating is determined by taking the derivative 
of the curves in the bottom panels of (a) and (b). The bottom panel of (a) shows that 
the NOA grating, which does not support plasmonic modes, is more sensitive than the 
plasmonic crystal to surface binding events when the change in transmission is not 
normalized by To. The bottom panel of (b), however, shows that the plasmonic crystal 
is more sensitive than the NOA grating when the change in transmission is normalized 
by To. This result can be explained on the basis of Fresnel effects, where absolute 
changes in transmission scale with the initial magnitude of the signal or transmission 
of the sensor. Figure 3.7. shows that the transmission of an NOA grating is much 
greater than the transmission of a plasmonic crystal covered with a 70 nm gold film. 
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Figure 3.8. Multispectral response of two 3D plasmonic crystals (~ 730 nm 
periodicity) with (a) 35 and (b) 95 nm thick gold films to increasing concentrations of 
polyethylene glycol solutions (PEG). The top panels show color contour plots of the 
changes in transmission (T) as a function of wavelength and time as solutions of 
increasing concentration of PEG are injected into the flow cell (the injection sequence 
is 0, 1.4, 2.8, 4.2, 5.6, and 0% (wt/wt) PEG). The middle panels show the integrated 
multispectral plasmonic response as a function of time calculated using equation S1. 
The bottom panel shows the linear correlation between the integrated responses of the 
crystals to the changes in refractive index. The slope of the lines yield the integrated 
multispectral bulk refractive index sensitivity, which are ~41,000 and ~13,000 
(%T)nm/RIU for the 35 and 95nm thick gold crystals, respectively.
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Figure 3.9. The sensitivity of crystals (~728 nm periodicity) to thin polyelectrolyte 
films as a function of the gold thickness on the plasmonic crystal. The sensitivity is 
reported as the change in integrated response per nanometer of polyelectrolyte (ΔInt. 
Resp./nm). These results agree well with the results obtained from electrodynamics 
modeling of the crystals and from bulk refractive index sensitivity measurements. 
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Figure 3.10. Quantitative spatial imaging of nonspecifically adsorbed proteins to the 
surface of a plasmonic crystal. (a) A schematic illustrating the use of a three channel 
PDMS microfluidic device to pattern the surface of a crystal. (b) Transmitted light 
image of three lines of nonspecifically adsorbed proteins on the surface of a crystal. The 
proteins from left to right are fibrinogen (MW = 340 kDa), γ-globulins (MW =160 
kDa), and myoglobin (MW = 14.4 kDa). (c) The average line profile through the image 
in panel b. 
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Figure 3.11. Difference map and integrated response (355-1050 nm) of a crystal with 
a periodicity of 728 nm to increasing thickness of a polyelectrolyte multilayer, 
measured in water at 52 selected film thicknesses. The top panel presents the 
difference map, the middle panel shows the Rth or change in %T/%T0 as a function of 
the multilayer thickness at several wavelengths: 357 (cyan), 769 (red), 894 (green), 
and 996 nm (blue). The bottom panel shows the corresponding integrated 
multispectral response (Int. Resp.). 
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Figure 3.12. Quantitative response curve for the binding of solution-phase goat IgG to 
surface immobilized antigoat IgG. The plot shows the normalized integrated response 
of a crystal with a periodicity of ׽740 nm to increasing concentrations of goat IgG 
(red data points). Nonlinear regression of the binding curve (black line) yielded a 
surface confined affinity constant of ׽7 × 107 M-1. 
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CHAPTER 4 
ROBUST PLASMONIC CRYSTALS FABRICATED BY THE SOFT EMBOSSING 
OF SPIN-ON GLASS 
 
This chapter is based on an ongoing work that will be submitted later this year. 
My contributions to this work include fabrication and characterization of the spin-on 
glass plasmonic crystal system, performing the sensing experiments, and data analysis. I 
gratefully acknowledge Joana Maria and Tae-Woo Lee for helping with the simulation 
data analysis and Matthew Schulmerich for conducting the surface enhanced Raman 
scattering measurements.  
 
4.1       Abstract 
We describe here a class of plasmonic crystals formed by soft nanoimprinting of 
inorganic material precursors which are stable in organic solvent environments and at 
high temperatures (~450oC). These inorganic nanostructures extend the capacities and 
scope of plasmonic crystal applications to sensing in organic and high temperature 
environments, and provide a stable, high-performance platform for surface enhanced 
Raman scattering (SERS) measurements. Full 3D finite-difference time-domain (FDTD) 
calculations were used to quantitatively model and assign the features underlaying the 
experimentally observed optical responses. 
 
4.2       Introduction 
Surface plasmon resonance (SPR) provides an excellent method to pursue label-
free mass detection in small volumes.[1-4] Traditional Kretschmann configuration[5] 
SPR instruments use a prism to couple incident light into a single plasmon mode in a thin 
metal film and provide high sensitivity in the detection of chemical and biological 
analytes in various important areas such as biotechnology, environmental monitoring, 
food safety, medical diagnostics, drug screening, and security,[4-7] The cumbersome 
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nature of the optics required, however,  and their low throughput makes it hard to 
integrate these systems into portable, low-cost systems. Although numerous methods 
have been developed to achieve biochemical sensing and imaging using simple optical 
setups, nanostructured surface plasmon resonance sensors have demonstrated extremely 
high sensitivity to refractive index changes at the sensing surface, providing a potential 
platform for portable, imaging based biochemical sensing applications.[8-11] We have 
developed plasmonic crystal systems fabricated using soft nanoimprint lithography that 
can generate high quality ordered nanostructures over large areas.[9-13] High sensitivity 
and spatial resolution can be reproducibly achieved using this inexpensive method and 
has led to several important applications in sensing and imaging of surface binding 
events.[10, 11, 13-15] Despite this progress, the embossed material itself constrains the 
more widespread application of these devices, especially as concerns regarding organic 
solvent compatibility and high temperature remain.  
We report here a new type of plasmonic sensor made using inorganic materials as 
the embossed substrate, a materials choice that greatly enhances both their durability and 
stability while simultaneously facilitating their ease of manufacture. Experimental 
findings from this new plasmonic sensor reveal that the system is stable even when 
exposed to organic solvents and high temperatures. We also demonstrate that these 
devices can serve as a durable master for the replication of the new plasmonic 
nanostructures, reducing the requirements for expensive photolithographic masters and 
thereby potentially decreasing the cost of plasmonic crystal fabrication. We further 
demonstrate that these inorganic substrate supported plasmonic nanostructures provide 
significant improvements over plasmonic crystals fabricated using embossed organic 
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polymers for SERS measurements[16-23], ones related to their lower background signal 
levels and significantly higher thermal stability (which permits their use with laser 
powers that damage organic based plasmonic crystal substrates).  
 
4.3       Experimental   
4.3.1    Materials 
All reagents were used as received without further purification. Spin on glass 
(SOG) with product number 314 was purchased from Honeywell. Polydimethylsiloxane 
(soft PDMS, Dow Corning, Sylgard 184) was obtained from Ellsworth Adhesives and 
prepared according to the manufacturer’s directions. Components for hard PDMS: poly 
(25–30% methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), (1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasiloxane) (SIT-7900), poly(7–8% vinylmethylsiloxane)-
(dimethylsiloxane) (VDT-731), and platinum-divinyltetramethyldisiloxane (SIP-6831.1) 
were purchased from Gelest. (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane 
(TDFOCS) was purchased from Gelest. Photocurable polyurethane (PU, NOA73) was 
purchased from Norland Products. Benzenethiol (BT) (99.99%) was purchased from 
Aldrich and phosphate buffered saline (PBS) was purchased from Bio Whittaker. 
Deionized (DI) water (18mΩ) was generated using a Millipore Milli-Q Academic A-10 
system.  
4.3.2    Fabrication of Plasmonic Crystals 
Spin-on glass (SOG) materials (product number 314, Honeywell), designed as an 
interlevel dielectric material in semiconductor industry, are used here to produce stable 
inorganic plasmonic crystals. SOG was filtered through 0.22 μm and 0.02 µm syringe 
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filters before spin casting (700 rpm for 10 s) to form a thin SOG layer (~ 1 μm thick) on 
top of a glass slide. The SOG soft gel was embossed by conformal contact with a 
composite h-PDMS/s-PDMS stamp consisting of nanohole array relief structures.[9-11, 
24, 25] The sample was soft baked at 110oC for 3 min after that the PDMS stamp was 
carefully removed. The embossed SOG film was further cured at 200oC for 5 min and 
annealed at 450oC under nitrogen for 1 hour. A gold film was deposited on the embossed 
SOG structure by sputter deposition in 5 mTorr argon (AJA International). For organic 
vapor sensing experiments, a thin layer of Titanium oxide with thickness about 50 nm 
was deposited on the surface of SOG plasmonic crystals following the Au deposition by 
using glancing angle electron beam evaporation. 
4.3.3    Transmission-Mode Spectroscopy 
Transmission spectra of SOG plasmonic crystals were measured using a Varian 
5G UV–Vis–NIR spectrophotometer operating in normal incidence transmission mode 
without temperature control. A flow cell was mounted on top of the plasmonic crystal and 
solutions of PBS with increasing refractive indexes were injected into the flow cell with a 
syringe pump (Harvard Apparatus) at a flow rate of 0.1 mL/min. Transmission spectra 
over a wavelength range of 355-1500 nm were collected during the process to monitor 
the changes in multiple plasmonic responses to those of the surrounding dielectric 
environment. Transmission spectra were continuously acquired as solutions were passed 
over the plasmonic crystal with a temporal resolution of ~90 s.   
4.3.4    FDTD Calculations 
FDTD calculations[26-30] were used to model the normal incidence transmission 
spectra and electromagnetic field distributions of SOG plasmonic crystals in both air and 
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water. The unit cell geometry defines an infinite square array of nanostructured gold film 
parallel to the x-y plane with semi-infinite SOG material on the bottom side and air or 
water on the top side. The unit cell defined in the SOG system calculations involved Nx × 
Ny × Nz = 185 × 185 × 750 total grid points. The incident plane wave was launched from 
the air/water side and the transmission spectrum was calculated on the SOG material side. 
Propagations in the unit cell were carried out for 150 fs. Uniaxial perfectly matching 
layers were applied on both sides of the z grid to avoid artificial reflection errors from 
domain boundaries. Appropriate periodic boundary conditions were used to define the 
edge of the x-y plane consistent with the geometry of the infinite square array. The 
frequency dependent gold permittivity was described by a Drude plus two-pole 
Lorentzian model over a wavelength range of 350-1500 nm. The dielectric constants of 
SOG, air and water were taken to be 1.90, 1.78, and 1.00 respectively. 
4.3.5    SERS Measurements  
SERS measurements were conducted using a SENTERRA dispersive Raman 
microscope (Bruker Optics) with a 785 nm excitation laser. A self-assembled monolayer 
of benzenethiol was formed on top of the plasmonic crystals by immersing them in a 15 
mM benzenethiol ethanol solution overnight, rinsing thoroughly with ethanol, and drying 
with N2. 
 
4.4       Results and Discussion 
Square arrays of cylindrical nanoholes were embossed into the surface of a 
thermally cured SOG film using soft nanoimprint lithography, yielding large-area, 
spatially uniform arrays suitable for SPR sensing and SERS measurement. Figure 4.1a 
shows a typical top-view scanning electron microscopy (SEM) image of a SOG nanohole 
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array. The diameter, depth, and periodicity of the cylindrical nanohole arrays were about 
480 nm, 356 nm, and 732 nm respectively. A continuous Au layer was formed on the 
embossed SOG structures by sputtering deposition in 5 mTorr argon. Full 3D finite-
difference time-domain (FDTD) calculations were carried out to model the normal-
incidence transmission spectra of a 3D SOG plasmonic crystal in air and in water (Figure 
4.1b and c) respectively. Reasonable agreement between experiment and computationally 
modeled spectra required careful consideration of the Au film thickness and the geometry 
of the nanohole arrays. The simulation were carried out using a 28 nm gold layer for the 
nanohole top with 8 nm sidewalls, and a 16 nm gold layer for the bottom film. All of 
these thickness values are within uncertainties of those measured by transmission 
electron microscopy (TEM).[11] These FDTD results revealed that the optical features 
are primarily due to the localized surface plasmonic resonance (LSPRs), Bloch wave 
surface plasmon polaritons (BW-SPPs), Wood’s anomalies (WAs) or a combination of 
these modes, as well as the background gold absorption around 500 nm. The FDTD 
calculations do not include the absorption of light by water, which becomes important for 
λ > 1000 nm and probably accounts for the difference between the modeled and 
experimental transmission spectra at the longer wavelengths in Figure 4.1c. The 
significant transmission intensity of the plasmonic crystals over the wavelength range of 
700-1000 nm shown in the Figure 4.1 b and c are associated with LSPRs and BW-SPPs 
spanning along the region of about 700 -1000 nm. 3D field distributions at specific 
wavelengths of interest were obtained by taking Fourier transforms of time-domain 
solutions, providing insights into the nature of the electromagnetic fields as illustrated in 
Figure 4.2.   
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The bulk refractive index sensitivity of the SOG plasmonic crystals was measured 
by sequentially injecting aqueous solutions of phosphate buffered saline (PBS) with 
increasing concentrations (0-4.0 v/v %) over the crystal through a fluid flow cell as 
described previously.[10, 11] Normal incidence transmission spectra were collected as a 
function of time as solutions of increasing PBS concentration were passed over the 
nanohole structured plasmonic crystals. The refractive index of the solution is a function 
of the PBS concentration at a constant temperature and is linear within a small refractive 
index range. Difference spectra were referenced to the spectrum at time t = 0 to generate 
the difference map in Figure 4.3a which displays the transmission change over 
wavelength ranges of 355-1450 nm as the solution refractive index in the flow cell is 
changed. Transmission changes at five single wavelengths as a function of time are 
shown in Figure 4.3b to emphasize that the optical response of the SOG plasmonic 
crystal is highly wavelength dependent. As we described before,[10, 11] the sensitivity of 
the plasmonic crystal is determined by the integration of the total spectral response of the 
bulk sensitivity measurement, measured as the absolute value of the difference spectra 
over the accessible wavelengths as a function of time (Figure 4.3c). The integrated 
response of this SOG plasmonic crystal is a linear function of the refractive index of the 
PBS solution within this small refractive index range. The sensitivity of a typical SOG 
plasmonic crystal measured using this protocol is ~50000 Δ%TnmRIU-1, which is greater 
than that of the full 3D plasmonic crystal embossed in polyurethane reported in our 
earlier work (ca. 40000 Δ%TnmRIU-1).[11] This enhancement in sensitivity possibly 
originates from the refractive index difference of the SOG plasmonic crystal compared to 
that of the polyurethane plasmonic crystal (the refractive index of SOG is about 1.38, 
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while the refractive index of polyurethane is about 1.56).  
Substituting a SOG material for the photo-curable polyurethane not only brings 
enhanced sensitivity but also markedly extends the scope of applications for plasmonic 
crystal based sensing. For example, the inorganic nature of the SOG materials extends the 
capacities of plasmonic platforms for organic sensing applications, which is impossible 
using polymeric plasmonic crystals due to the instability of polymeric substrates in 
organic solvents. As a demonstration, refractive index sensitivity measurements were 
made using several typical organic solvents, and the results are presented in Figure 4.4. 
The difference spectra over a wavelength range of 355-700 nm are given in Figure 4.4a. 
This wavelength range was chosen to avoid the absorption of organic solvents at near 
infrared wavelengths. Spectral changes at specific wavelengths of interest are provided in 
Figure 4.4b, and the integrated response of organic solvent sensing is shown in Figure 
4.4c. The organic solvent bulk refractive index sensitivity calculated using the 
multispectral analysis method[10, 11] (shown in Figure 4.4d) illustrates that the 
integrated response of a SOG plasmonic crystal is approximately linear over a broad 
range. These same solvents, in control experiments, destroyed plasmonic crystals 
fabricated using an embossed polyurethane (NOA). The evidenced higher stability of the 
embossed SOG plasmonic crystals enables their use in more aggressive chemical/non-
aqueous media for refractive index based sensing and imaging. 
The high sensitivity of the SOG embossed plasmonic crystal is further 
demonstrated by an organic vapor sensing experiment. Mixtures of argon and ethanol 
vapor were used as test samples. A gas mixing device was designed to obtain dry 
mixtures of different gases with proportions set by partial pressure measurements. The 
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SOG plasmonic crystal was exposed to different ethanol vapor concentrations in a Teflon 
flow cell, and the normal incidence transmission spectra were measured according to the 
standard protocol. To take advantage of the effective sensing volume of the full 3D 
plasmonic crystal, a thin porous TiO2 film was deposited on the SOG plasmonic crystal 
using glancing-angle E-beam deposition[31, 32] to increase the surface area and sorptive 
affinity of the plasmonic crystal for the organic vapor. The multispectral analysis 
indicates that the refractive index change associated with the concentration change of 
ethanol vapor can be detected by this modified SOG supported plasmonic crystal (Figure 
4.5a). The single wavelength line cut plots in Figure 4.5b show that the transmission 
difference at specific single wavelengths is a function of the ethanol mole fraction and 
returns to the initial value when the gas mixture returns to the initial ethanol 
concentration. The minor deviations of the intensity from the initial value are likely the 
result of imprecise partial pressure control using this home-built setup. Figure 4.5c shows 
that the optical response of the SOG plasmonic crystal is a linear function of the 
refractive index of the gas mixture which can adequately describe the mixing behavior in 
the system. These experiments support the capacity of SOG plasmonic crystals for 
organic sensing involving small refractive index variations[33] and suggest the possibility 
of their use as surface plasmon resonance gas/vapor sensors. 
SOG plasmonic crystals formed by soft nanoimprint lithography also provide a 
low-cost and well controlled substrate for surface enhanced Raman spectroscopy (SERS) 
measurements. The inorganic nature of the SOG embossed structure is more stable at 
high temperatures compared to curable organic materials. For example, to fabricate these 
devices, the SOG is cured after spin-coating by thermal annealing at 450oC. The thermal 
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durability of the embossed surface features of the SOG plasmonic crystal at this 
temperature suggests they may also perform better than conventional plasmonic crystals 
under the high power laser beams used in Raman microscopy. We find, for example, that 
plasmonic crystals fabricated using a photocured polyurethane (NOA) and SU8 
photoresist are easily damaged by the local heating of the 785 nm laser beam with power 
of ~50 mW (Figure 4.6a). The corresponding plasmonic crystals from embossed SOG are 
stable to the laser power even though the gold film is melted by the local heat. 
As expected, when operated at high laser powers, the SOG based plasmonic 
structures produce stronger SERS signals as compared with organic-based plasmonic 
structures. Plasmonic crystals based on SOG, NOA (photo-curable polyurethane), and 
SU8 with benzenethiol SAMs formed in the same experimental conditions were used as 
SERS substrates to illustrate this point. The resultant SERS signals are shown in Figure 
4.6b. The SERS intensity from the SOG plasmonic crystal is about 10 times higher than 
that of the NOA and SU8 plasmonic crystals. This is likely due to the greater stability of 
the SOG nanostructures at higher temperatures compared with the organic substrates. The 
greater thermal stability of the SOG substrate delays the manifestation of thermal 
deformation of the nanostructures, resulting in longer effective SERS signal collection 
times. While SERS signals were collected using the same power and duration for all three 
substrates, it is reasonable that the earlier onset of thermal damage in the organic 
substrates would result in a loss of nanostructure integrity and Raman enhancement of the 
benzenethiol, effectively silencing the SERS response from these substrates at an earlier 
point in the measurement. Although the SOG material is resistant to damage from the 
incident laser, its Raman enhancing ability will ultimately be limited by the thermal 
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durability of the gold layer as well as desorption or destruction of the analyte molecule 
itself. 
 
4.5       Conclusions 
In conclusion, the SOG plasmonic crystal formed by soft nanoimprint lithography 
provides a stable and low cost platform for organic sensing and SERS measurement that 
extends the capacities and scope of applications for plasmonic crystals. The stability of 
the SOG plasmonic crystals in organic environments and under local heating by lasers is 
better than those of organic-based crystals. These well controlled, low cost, and easily 
fabricated inorganic-based plasmonic crystals, together with the scalability of fabrication 
method to large areas with high uniformity and reproducible response, suggest a 
promising sensing platform with exceptional analytical capabilities. 
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4.8        Figures 
 
Figure 4.1. a) Top-view scanning electron microscopy (SEM) image of a full 3D spin-
on glass (SOG) plasmonic crystal. b) Normal incidence transmission spectrum of a full 
3D SOG plasmonic crystal in air (black) and electrodynamics modeling of the 
spectrum (red).  The features labeled a, c, d, and e correspond to LSPRs, feature b  and 
f arise from a combination of a LSPR and BW-SPPs. c) Normal incidence 
transmission spectrum of a crystal in water (black) and rigorous electrodynamics 
modeling of the spectrum (red). The features labeled a and c correspond to a 
combination of LSPR and BW-SPPs, features b and d correspond to LSPRs, and 
feature e arises from a combination of an LSPR and WA.
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Figure 4.2. Computed electromagnetic field distributions associated with the 
resonances at a) 768 nm and b) 952 nm in air, c) 752 nm and d) 860 nm in water of a 
3D SOG crystal, a) and c) show a combination of LSPR and BW-SPP, and b) and d) 
show LSPR. 
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Figure 4.3. Multispectral response of full 3D SOG plasmonic crystals (~ 740 nm 
periodicity) with 35 nm thick gold films to increasing concentrations of PBS solutions. 
a) shows the color contour plot of the changes in transmission (T) as a function of 
wavelength and time as solutions of increasing concentration of PBS are injected into 
the flow cell (the injection sequence is 0, 1.0, 2.0, 3.0, 4.0, and 0% (v/v%) PBS). b) 
plots change in T as a function of time during the injection sequence, evaluated at 
different selected wavelengths. c) shows the integrated multispectral plasmonic 
response as a function of time and d) shows the linear correlation between the 
integrated responses of the crystals to the changes in refractive index. The slope of the 
lines yields the integrated multispectral bulk refractive index sensitivity, which is 
~52,000. 
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Figure 4.4. Multispectral analysis of organic solvent refractive index sensing using 
full 3D SOG plasmonic crystals with 35 nm thick gold films. a) shows the color 
contour plot of the changes in transmission (T) as a function of wavelength and time 
as solutions of increasing refractive index are injected into the flow cell (the injection 
sequence is methanol, 1-propanol, chloroform, toluene and methanol). b) plots change 
in T as a function of time during the injection sequence, evaluated at different selected 
wavelengths. c) shows the integrated multispectral plasmonic response as a function of 
time and d) shows the approximately linear correlation between the integrated 
responses of the crystals to the changes in refractive index.
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Figure 4.5. Multispectral analysis of organic vapor sensing using full 3D SOG 
plasmonic crystals with ~35 nm thick gold films and ~50 nm thick porous TiO2 layer 
formed on top of gold film using glancing angle E-beam deposition. a) shows the color 
contour plot of the changes in transmission (T) as a function of wavelength and time 
as the ethanol/argon gas mixtures with different concentration of ethanol are injected 
into the flow cell (the injection sequence is 75, 50, 25, 0, 25, 50, 75, 100, 0, 100 and 
0% partial pressure of saturated ethanol vapor). b) plots change in T as a function of 
time during the injection sequence, evaluated at different selected wavelengths. c)  
shows the integrated multispectral plasmonic response as a function of time. The 
components of the gas mixtures are listed on the right side of Figure 4.5c).  
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Figure 4.6. a) Top view SEM images of NOA, SU8, and SOG plasmonic crystals 
shinned by a 785 nm laser beam with a power of ~50 mW for 30 s. High-resolution 
SEM images on the right side clearly show the damaged areas of the plasmonic 
nanostructures embossed into NOA and SU8. b) SERS spectra of benzenethiol 
adsorbed onto three different embossed SERS substrates: SOG, NOA and SU8. The 
structural features of the substrates and the experimental conditions were constant.  
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CHAPTER 5 
NANOFABRICATION USING SPIN-ON GLASS  
This chapter is based on an ongoing work. My contributions to this work include 
fabrication and characterization of the spin-on glass based systems, performing the 
simulation, and data analysis. 
 
5.1       Abstract 
We describe here nanofabrication using spin-on glass (SOG) materials as bulk 
materials or replica masters. The precision of nanofabrication using SOG is tested using 
three different scale features: plasmonic nanostructures with nanohole diameters of 0.1-1 
µm; electron beam lithography structures with sizes between 1-200 nm; and single-
walled carbon nanotubes with diameters of 0.6-3 nm. The work further shows that SOG 
embossed nanostructures can also serve as regenerable masters for the fabrication of 
plasmonic crystals, ones possessing significantly enhanced durability over the 
conventional photoresist materials commonly used in soft lithography. This new 
fabrication protocol reduces the requirement for expensive lithography masters because 
the SOG masters are resistant to mechanical degradation and can be aggressively cleaned 
and reused to generate reproducible imprints, as illustrated here in the form of plasmonic 
crystals that are active at visible wavelengths. Additionally, the design rules of the 
resultant plasmonic crystals replicated from SOG masters can be tuned by controlling the 
fabrication process of the SOG masters. As a demonstration, the strongest feature in the 
transmission spectrum of a plasmonic crystal formed using a SOG master can be shifted 
to ~700 nm from the ~900 nm observed previously in the full 3D plasmonic crystal 
design by careful manipulation and control of the process parameters used to fabricate a 
plasmonic crystal sensor optic. 
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5.2       Introduction   
The fabrication of ordered nanostructures is of importance to much of modern 
science and technology, and numerous patterning methods have been actively pursued to 
overcome the limitations associated with conventional lithography technologies.[1-12] 
Soft lithography, encompassing many flexible methods, has become one of the most 
robust and versatile non-photolithographic routes to nanofabrication.[7, 8] Soft 
lithography relies on a pattering tool such as a stamp, mold, or mask made using a 
flexible elastomer that ensures both conformal contact between surfaces of the patterning 
tool and the substrates of interest as well as easy release of the substrate without 
destroying the structures formed. By applying different methods of soft lithography, 
nanostructures with challenging feature sizes – even molecular level dimensions – have 
been transferred to a variety of materials.[13-17] 
Surface plasmon resonance (SPR) sensors based on functional nanostructured 
metal films have attracted significant attention recently, thanks to their high sensitivity in 
the local refractive index sensing and the possibility to integrate them into low-cost, 
portable, imaging based devices.[1, 18-21] Nanostructured SPR sensors provide a high-
performance platform for both label-free forms of analytical detection and field-enhanced 
applications including surface enhanced Raman scattering (SERS)[22-26], surface 
enhanced fluorescence, and even roles in renewable energy areas to enhance the light 
trapping and charge transfer in photovoltaic devices[27-30]. The fabrication of 
nanostructured plasmonic sensors with reproducible performance requires techniques that 
generate ordered nanostructures over large substrate areas with high fidelity and high 
control at low cost. The design rules for these optics are quite demanding and challenging 
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to realize in practice. Most current fabrication methods are commonly based on 
conventional technologies[31-36] and other complementary methods such as nanosphere 
lithography[37, 38], soft interference lithography[39-43], and soft nanoimprint 
lithography[13, 14]. 
We have developed classes of plasmonic crystals systems based on periodic arrays 
of cylindrical nanoholes embossed in polymer films using soft nanoimprint 
lithography.[19-21, 44, 45] These nanostructured plasmonic crystals provide high 
sensitivity in both quantitative multispectral modes and SPR imaging at near infrared and 
visible wavelengths.[1, 19, 21] The sensitivity enhancement seen at visible wavelengths 
with specific plasmonic crystal design rules are subject to useful forms of tuning such as 
via modifications made to the distribution and thickness of metal films deposited on the 
embossed plasmonic crystal substrate, while keeping the underlying design attributes of 
the substrate nanostructures constant.[21] These structural aspects are in fact as subtle at 
times as they are subject to degradation by the types of challenging environment 
commonly encountered in real world applications.  For this reason, there exists an 
important need to develop more robust materials that provide all the same or similar 
facilities for high resolution, low defect patterning by soft embossing. This paper 
describes a comprehensive study made to this end. 
The polymer based plasmonic crystals developed by us in past work are 
exceptionally high performance sensing devices but are restricted in important ways by 
their limited stability in many organic solvents or at temperatures higher than the glass 
transition temperature of the polymers, in turn imposing limits on the scope of any 
potential sensing applications. We also have found that the elastomer stamps used in soft 
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nanoimprinting degrade over time due to the absorption of non-polar monomers within 
the elastomer, leading to a gradual drift in feature sizes upon reuse and a lifetime for 
replication limited to ~5-10 generations. This places a large demand on the original 
lithographic masters which themselves cannot be reused more than ~5-6 times without 
significant feature degradation. The fabrication of the original lithographic masters with 
the requisite precision of nanometer feature size requires as well advanced 
photolithography techniques.  
We introduce here inorganic spin-on glass (SOG) materials for use as a high 
resolution thermoset self-embossing medium. We further demonstrate that these 
embossed materials serve as stable and regenerable masters for the fabrication of 
plasmonic crystals, ones with performance attributes that are substantially better than the 
photolithographic masters commonly used in soft lithography. In this paper, the 
replication precision of SOG materials is examined from the micrometer to the molecular 
level. The usage of SOG materials improves the fabrication process of plasmonic crystals 
and provides a low-cost, simple route to optimize the device form factors with the 
assistance of the finite-difference time-domain calculations. 
 
5.3       Experimental   
5.3.1    Materials 
All reagents were used as received without further purification. Spin on glass 
(SOG) (product number 314) was purchased from Honeywell. Polydimethylsiloxane (soft 
PDMS (s-PDMS), Dow Corning, Sylgard 184) was obtained from Ellsworth Adhesives 
and prepared according to the manufacturer’s directions. Components for hard PDMS (h-
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PDMS): poly (25–30% methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), (1,3,5,7-
tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (SIT-7900), poly(7–8% 
vinylmethylsiloxane)-(dimethylsiloxane) (VDT-731), and platinum-
divinyltetramethyldisiloxane (SIP-6831.1) were purchased from Gelest. (Tridecafluoro-
1,1,2,2-tetrahydrooctyl)trichlorosilane (TDFOCS) was purchased from Gelest. 
Photocurable polyurethane (PU, NOA73) was purchased from Norland Products. 
Benzenethiol (BT) (99.99%) was purchased from Aldrich and phosphate buffered saline 
(PBS) was purchased from Bio Whittaker. The a-PFPE formulation used a fluorinated 
acrylate oligomer (MW = 1000 g mol-1), CN4000 purchased from Sartomer Company, 
Inc., and a photoinitiator (0.5 wt %) consisting of 50% of 2,4,6-trimethylbenzoyl-
diphenyl--phosphineoxide and 50% of 2-hydroxy-2-methyl-1-phenyl-propanone 
purchased from Darocurr 4265, Ciba Specialty Chemicals. Gold etchant TFA was 
purchased from transene Company, Inc. Deionized (DI) water (18 MΩ) was generated 
using a Millipore Milli-Q Academic A-10 system. Polymethyl methacrylate (PMMA) 
used for E-beam lithography was purchased from MicroChem Corporation. Piranha 
solution, a 7:3 mixture of H2SO4:H2O2, was used to remove organic contamination from 
the SOG molds. The use of piranha solution is highly dangerous and should be handled 
using appropriate personal protective equipment and proper safety procedures.  
5.3.2    Fabrication of Plasmonic Crystals Using SOG Masters  
The fabrication procedure of plasmonic crystals using SOG embossed 
nanostructures as masters is similar as the procedure described before.[20, 21] SOG sol 
was filtered through 0.22 μm and 0.02 µm syringe filters before spin casting (700 rpm for 
10 s) to form a thin SOG layer (~ 1 μm thick) on top of a glass slide. The SOG soft gel 
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was embossed by a conformal contact with a composite h-PDMS/s-PDMS stamp 
consisting of nanohole array relief structures.[13, 14, 19, 21, 44] The sample was soft 
baked at 110oC for 3 min after which the PDMS stamp was carefully removed. The 
embossed SOG film was further cured at 200oC for 5 min and annealed at 450oC under 
nitrogen for 1 hour to remove trace organic components prior to use as a master. A 
monolayer of fluorinated silanes was formed on the SOG embossed nanostructure to aid 
the separation of the SOG surface and PDMS stamp for the fabrication of a composite h-
PDMS/s-PDMS stamp.[44] The PDMS stamp was then used to emboss photo-curable 
organic prepolymers or SOG sol to generate plasmonic nanostructures. 
5.3.3    E-beam Lithography for Writing Nanostructures 
A Raith e-Line electron beam lithography system and nanoengineering 
workstation was used to design and write nanostructures. Minimum line widths less than 
20 nm, stitching accuracy around 40 nm, and overlay accuracy around 40 nm are possible 
using this system. The operation conditions used for writing PMMA layers with 
thicknesses of ~100 nm were as follows: voltage: 10 or 20 KV; aperture: 10 µm, 20 µm, 
or 30 µm; working distance: 10 mm. PMMA A2 was spin-coated onto a silicon wafer 
(4000 rpm for 40 s) with a resulting thickness around 100 nm. The sample was partially 
cured at 100 oC for 1 min and then cured at 180 oC for 2 min. After electron beam 
exposure using the Raith e-Line system, the PMMA layer was developed using a 1:3 
solution of methyl isobutyl ketone (MIBK): isopropanol (IPA) for 40 – 80 s, rinsed with 
IPA , and dried with nitrogen. 
5.3.4    Molecular Scale Molding 
Randomly aligned individual single-walled carbon nanotubes (SWNTs) with 
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diameters between 0.6-3 nm and surface coverage of  ~1-10 tubes/µm2 were grown on 
SiO2/Si wafers using chemical vapor deposition according to the procedures described 
previously. [13, 46] These SWNT structures were used as a master to fabricate 
elastomeric molds for the soft nanoimprinting of SOG materials with molecular scale 
features. A monolayer of fluorinated silanes on the SWNT masters is necessary to aid in 
the separation of the SWNT master and the composite PDMS stamp.[44] Stamps 
consisting of a-PFPE/PET were fabricated by directly casting a-PFPE backed with 
polyethylene terephthalate (PET) onto the nanotubes and curing under UV light (intensity 
of 4 mW/cm2) for 2 hours.[14]  
 
5.4       Results and Discussion 
Figure 5.1 schematically illustrates the procedures for fabricating plasmonic 
crystals from SOG masters. A h-PDMS/s-PDMS composite stamp with surface relief 
structure replicated from a photolithographic master was used to emboss the SOG sol. 
The stamp is driven into the soft sol by gravity under a modest load to achieve conformal 
contact, soft baked at 110oC for 3 min, and then carefully removed. The embossed SOG 
was then fully cured by a series of higher temperature bakes. A SOG plasmonic crystal 
can be generated by forming a thin layer of Au film on top of the embossed SOG 
nanostructures. Alternatively, the embossed SOG nanostructure can serve as a replica 
master to transfer the nanostructures onto a PDMS stamp. Generally, a monolayer of 
fluorinated silanes will be formed onto the embossed SOG surface to promote the 
separation between the SOG and the cast PDMS. In most cases, a composite h-PDMS/s-
PDMS stamp is cast and produced from the SOG embossed structure. The resultant 
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PDMS stamp can be used to emboss photo-curable polymers like polyurethane (NOA) to 
generate plasmonic nanostructures. Finally, a 5 nm SnO2 adhesion layer followed by a 35 
nm Au film are formed on top of the embossed nanostructures using sputtering deposition 
in 5 mTorr argon environments. 
Substituting a high optical quality spin-on-glass resin for the photo-curable 
polymer improves the replication quality of the fabrication protocol. The easy separation 
between the SOG sol and PDMS enables the fabrication of small features with high 
precision and quality. For example, the smallest nanohole arrays with a diameter of 240 
nm in our design rule are difficult to replicate using polymeric photo-curable materials, 
but these small features are easily replicated into the SOG surfaces (Fig. 5.2) 
The materials chemistry of SOG is the most challenging aspect of using SOG as 
an embossing material. SOG materials are sensitive to moisture and subject to as yet 
poorly predictable degradation that destroys their capacity to effect precise replication 
with nanometer design tolerance. We noticed in our experiments that nanoparticles with 
sizes around 50 nm appeared on the surface of the embossed SOG nanostructure, 
decreasing the quality of the plasmonic nanostructure replication (Fig. 5.3a). Filtering the 
SOG sol using 0.22 μm and 0.02 µm syringe filters before spin casting effectively 
removed the nanoparticles and produced embossed SOG nanostructures with smooth 
surfaces (Figure 5.3b). The surface quality of the embossed SOG film is more clearly 
shown in Figure 5.4. It is clear that there are no particles on the surface of filtered SOG 
films while numerous particles occupy the surface of the unfiltered SOG films. However, 
particle-free regions of the unfiltered SOG film surface are as smooth as those of the 
filtered SOG film, which further demonstrates the nanometer scale replication precision 
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and uniform surface quality. 
SOG embossed nanostructures can serve as stable masters for the fabrication of 
plasmonic crystals. For example, photo-curable NOA was molded using a PDMS stamp 
with the relief structure replicated from a SOG master. The large area nanohole arrays can 
be embossed in the NOA film with high replication precision (Fig. 5.5a). The SOG 
master can also provide an easy way to tune the design rule of the plasmonic crystals. The 
shrinkage of SOG upon curing during the SOG embossing process will result in nanohole 
arrays embossed on the SOG surface with enlarged nanohole diameters and reduced relief 
depths compared to the original photolithographic master. At the same time, the relief 
depth can be tuned by controlling the solvent evaporation conditions during the 
embossing of the SOG sol. For example, the embossed SOG nanostructure will have a 
shallower relief depth when the solvent is evaporated from the spin-coated SOG sol 
before embossing compared with that of the embossed SOG nanostructure imprinted by 
PDMS right after the SOG sol is cast on the glass slide.  
As an illustration, NOA based plasmonic crystals with strong transmission mode 
optical features located at ~700 nm were generated using a SOG master. The 3D atomic 
force microscopy (AFM) image (Fig.5.5b) displays the surface geometry of the embossed 
NOA plasmonic crystal nanostructure. The hole diameter is around 328 nm, the 
periodicity (hole center-to-center distance) is around 560 nm and the relief depth is 
around 180 nm. The normal-incidence transmission spectra of the NOA plasmonic crystal 
nanostructure using a SOG master are shown in Figure 5.5c. Spectra taken from five 
different surface regions are similar to each other, demonstrating the high uniformity of 
the embossed nanostructures.  
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The fully cured embossed SOG substrate is a glass-like inorganic film and is 
stable in common organic solvents. Even piranha solution and gold etchant will not 
degrade the film, allowing it to be aggressively cleaned to remove polymeric debris, 
stripped of metal and recoated, and even used as its own master for the replication of new 
embossed plasmonic structures. SEM images in Figure 5.6a and b compare the surface 
structures of one typical embossed SOG nanostructure before and after soaking in piranha 
solution over 24 hours. There is no observable change in the surface of the high quality 
SOG nanostructures after cleaning, clearly demonstrating that the SOG nanostructure is 
robust enough to withstand the regeneration treatment and can be reused as a master to 
replicate plasmonic crystals with high precision. Figure 5.6c displays the normal-
incidence transmission spectra of NOA plasmonic crystals fabricated using the SOG 
master before and after piranha cleaning. The spectra are taken from the square arrays 
with periodicities of ~580 nm and ~740 nm. Spectra of the two NOA plasmonic crystals 
replicated from the SOG master before the piranha cleaning are consistent with those of 
the NOA plasmonic crystal replicated from the SOG master after the piranha cleaning. 
Full 3D finite-difference time-domain (FDTD) calculations with appropriate 
periodic boundary conditions were used to model the normal-incidence transmission 
spectrum of a full 3D NOA plasmonic crystal from a SOG master in air. Figure 5.7a 
shows good agreement between experiment and theoretical simulation. The optical 
features of this system can be assigned to localized surface plasmon resonances (LSPRs), 
Bloch wave plasmon polaritions (BW-SPPs), and Wood’s anomalies (WAs) or a 
combination of these features, as well as the background gold absorption around 500 nm. 
For example, an approximate relation for the allowed wavelengths of LSPRs excited by 
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normal incidence illumination on a square array of subwavelength holes in a metal film 
predicts LSPRs near 633 and 689 nm, which correlate well with the spectral features 
observed near these wavelength values in Figure 5.7b. 
FDTD calculations can describe the optics behind the plasmonic crystal system 
but can also guide the rational design of the device form factors. As an illustration, the 
relationship between the intensity and position of the transmission peak maximum and 
the hole relief depth of the NOA plasmonic crystals (keeping all other parameters 
constant) are shown in Figure 5.8a. The simulation results predict that a transmission 
peak with intensity of ~45% located at ~700 nm is associated with the hole relief depth of 
~200 nm. Following this optimized device form factor, plasmonic crystals with the 
predicted optical response were fabricated using the SOG master, labeled in Figure 5.8b 
as “full 3D new design”. The strongest transmission peak in the quasi 3D plasmonic 
crystal systems at ~1200 nm was shifted to ~900 nm in the full 3D plasmonic crystal 
system by tuning the distribution and thickness of the metal film. The strongest peak was 
then further shifted to ~700 nm in the new design by adjusting the design rules using the 
embossed SOG nanostructure as replication master.  
The replication resolution of embossing using a SOG sol was tested by embossing 
SOG materials with nanostructures with feature sizes between 5-200 nm formed by E-
beam lithography (Figure 5.9).  The E-beam lithographic nanostructure was replicated in 
h-PDMS/s-PDMS and then embossed on the SOG film. The AFM data shown in Figure 
5.10 displays a typical replication of a variety of E-beam lithographic structures in SOG 
with different sizes and shapes. The relief depths of the replicated E-beam lithographic 
structure vary from ~1 to ~50 nm, resulting from differences in dissolving speed of the 
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exposed PMMA structures under the same development conditions caused by the 
different feature sizes and shapes. 
Molecular scale molding experiments were performed using masters that consist 
of single walled carbon nanotubes (SWNTs) on SiO2/Si substrates. The h-PDMS/s-PDMS 
stamps were generated by casting and curing the elastomer against these SWNT masters 
and were subsequently used to emboss the SOG sol. The SWNT structures can be 
replicated on SOG films, and are clearly distinguished from the unpatterned areas (Figure 
5.11 a and b).  However, the relief depth of the replicated SWNT structures is difficult to 
measure because of the roughness of the SOG film (Figure 5.11c) at these dimensions. 
The presence of the SOG nanoparticulates on top of the unfiltered SOG film also 
adversely affects the resolution of the molecular scale molding. The fluorination 
treatment of the SWNT master for the fabrication of PDMS stamp may also significantly 
affect the dimensions of features at molecular scales.  
 
5.5  Conclusions 
 In conclusion, we described a class of inorganic material, spin-on glass (SOG), 
used for embossing with molecular scale resolution and the fabrication of plasmonic 
crystal nanostructures. The embossed SOG nanostructures are stable and can be 
aggressively cleaned and reused as masters. The shrinkage of SOG materials and the 
fabrication procedure can be adjusted to tune the design rule of plasmonic crystals. NOA 
plasmonic crystals with new design rules were fabricated using these SOG masters and 
well characterized by FDTD calculations. 
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5.8  Figures  
 
 
Figure 5.1. Schematic illustration of the fabrication of the NOA based plasmonic 
crystal using a SOG embossed nanostructure as the master.  
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Figure 5.2. Top view of scanning electron microscopy (SEM) images of the 
plasmonic crystal nanostructure embossed in a) SOG film and b) NOA film. 
 
168 
 
 
Figure 5.3. Top view SEM images of embossed SOG plasmonic crystals using a) 
unfiltered and b) filtered SOG sols. These plasmonic crystal nanostructures are the 
four smallest squares in the design of our plasmonic crystals with the periodicity (hole 
center to center distance) of 500 nm, 520 nm, 560 nm, and 580 nm. 
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Figure 5.4. Top view SEM images of planar surface structures of SOG films using a), 
b) unfiltered, c), d) filtered SOG sols. 
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Figure 5.5. a) Large-area SEM image of the NOA based plasmonic crystal fabricated 
using SOG embossed nanostructure as a master. b) 3D atomic force microscopy 
(AFM) image of the NOA based plasmonic crystal nanostructures with the relief depth 
~400 nm. c) normal-incidence transmission mode spectra of NOA plasmonic crystals 
associated with the nanostructures shown in a) and b). The uniformity of the 
nanostructure was illustrated by the consistent spectra taken at different regions. 
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Figure 5.6. Top view SEM images of one typical SOG embossed plasmonic crystal 
nanostructure a) before and b) after piranha cleaning. c) Normal-incidence 
transmission mode spectra of NOA based plasmonic crystals fabricated using the SOG 
master before and after the piranha cleaning. The spectra were compared at two square 
arrays with periodicities of ~580 nm and ~740 nm. 
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Figure 5.7. a) Experimental transmission spectrum (black) for full 3D NOA based 
plasmonic crystal fabricated using a SOG embossed nanostructure as a master (~328 
nm hole diameter, ~180 nm hole depth, ~560 nm hole spacing) and electrodynamic 
modeling transmission spectrum (red); and b) calculated electric field plots 
corresponding to features marked b (633 nm) and c (689 nm) in the plot above. 
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Figure 5.8. a) Relation of the intensity and position of the transmission peak 
maximum with the nanohole relief depth, keeping other parameters constant. b) 
normal-incidence transmission mode spectra of quasi 3D, full 3D, and the new design 
using a SOG master. The majority of the optical response of the plasmonic crystal 
systems was continuously shifted to lower wavelengths.   
. 
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Figure 5.9.  SEM images of nanostructures in PMMA layers with different shapes and 
sizes fabricated using E-beam lithography.  
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Figure 5.10. a) AFM images of the nanostructures embossed in SOG films using an 
E-beam lithographic nanostructures as the replication master. b) the structure profile 
following the line cut across the nanostructures shown in Figure 5.10a) as a red line.  
. 
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Figure 5.11. a) Top view AFM image and b) 3D view of the nanotube structures 
embossed in a SOG film. c) the structure profile following the line cut across the 
nanostructures shown in Figure 5.11a) as a blue line. The surface roughness is 
comparable with the relief depth of the single-walled carbon nanotubes. 
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APPENDIX A 
NANOPOST PLASMONIC CRYSTALS 
This chapter is reproduced with permission from the previously published paper: 
T. T. Truong, J. Maria, J. Yao, M. E. Stewart, T.-W. Lee, S. K. Gray, R. G. Nuzzo, J. A. 
Rogers, “Nanopost Plasmonic Crystals", Nanotechnology, 2009, 20, 434011. Copyright 
2009, IOP Publishing Limited ("IOPP"). 
My contributions include conducting the bulk sensitivity measurement, measuring 
the thickness of nanostructured metal film using TEM cross section measurement, and 
helping on the thin film imaging experiment and data analysis. I would like to 
acknowledge Tu Truong for preparation and characterization of the nanopost plasmonic 
crystals and conducting thin film sensing experiment. I would also like to acknowledge 
Joana Maria and Tae-Woo Lee for simulating the optical response of the nanopost 
plasmonic crystals and analysis of the simulation data. I would also like to thank 
Matthew Stewart for helping on analysis the imaging data.  
 
A.1      Abstract 
We describe a class of plasmonic crystal that consists of square arrays of 
nanoposts formed by soft nanoimprint lithography. As sensors, these structure show 
somewhat higher bulk refractive index sensitivity for aqueous solutions in the visible 
wavelength range as compared to plasmonic crystals consisting of square arrays of 
nanowells with similar dimensions, with opposite trends for the case of surface bound 
layers in air. Three-dimensional finite-difference time-domain simulations quantitatively 
capture the key features and assist in the interpretation of these and related results. 
 
A.2      Introduction 
Surface plasmon resonance (SPR) sensors based on nanostructured metal films 
have gained much attention recently, due primarily to their potential to enable label-free 
biological and chemical detection [1-4]. Such sensors utilize optical excitation of surface 
plasmons, which provide evanescent electromagnetic surface waves at dielectric-metal 
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boundaries[2, 3, 5, 6]. The properties of these modes can, as a result, be extremely 
sensitive to changes in the refractive index near the metal surface. The Kretschmann 
configuration using a prism coupler is the most common setup to excite surface plasmons 
in flat metal films [2, 3]. Sensors with this design have, however, disadvantages due to 
their limited throughput, high cost and problems that can arise from wear associated with 
repeated mechanical contact [3, 7-11]. Recent studies indicate that metal-dielectric 
interfaces with periodic corrugations provide an alternative coupling strategy that offers 
the ability for fabrication by high speed processes such as injection molding and hot 
embossing [8, 11]. Our own work shows that soft nanoimprint lithographic techniques 
can yield quasithree-dimensional (quasi-3D) plasmonic crystals [9, 10] and full three-
dimensional (3D) integrated plasmonic crystals[7] based on periodic arrays of cylindrical 
nanowells embossed in a polymer film that is subsequently coated by blanket deposition 
of gold layer via electron beam evaporation or sputtering deposition. These structures 
provide sensors with high sensitivity in quantitative multispectral modes as well as one 
and two-dimensional (1D and 2D, respectively) imaging capabilities in the near infrared 
and visible wavelengths, even with broadband, unfiltered light sources such as those 
associated with a conventional optical microscope[7, 10].  
In this paper, we examine a related type of plasmonic crystal that consists of 
periodic arrays of nanoposts, also formed by soft nanoimprint lithography. We 
demonstrate that these crystals show enhanced sensitivity to changes in bulk index of 
refraction in aqueous solution in the visiblewavelength range compared to corresponding 
structures of nanowells[7]. The opposite behavior is observed for sensitivity to thin film 
179 
 
binding events. We use 3D finite-difference time-domain (FDTD) simulations to provide 
quantitative insights into these and other behaviors. 
 
A.3      Experimental 
A.3.1   Materials 
Unless otherwise specified, reagents were used as received without further 
purification. Poly(dimethysiloxane) (soft PDMS, Sylgard 184, Dow Corning) was 
purchased from Ellsworth Adhesives. Components for hard PDMS, including (25–30% 
methylhydrosiloxane)-(dimethylsiloxane) copolymer (HMS-301), (7–8% 
vinylmethylsiloxane)-(dimethylsiloxane) copolymer (VDT-731), platinum-
divinyltetramethyldisiloxane complex in xylene (SIP6831.2) and (1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasiloxane) (SIT7900.0), were purchased from Gelest. 
Fluorinated acrylate oligomer (CN4000, MW = 1000 g mol−1) was purchased from 
Sartomer Company. Photoinitiator Darocur 4265, which contains 50% of 2,4,6-
trimethylbenzoyl-diphenyl-phosphineoxide and 50% of 2-hydroxy-2-methyl-1-phenyl-
propanone, was purchased from Ciba Specialty Chemicals. Photocurable polyurethane 
(PU, NOA 73) was purchased from Norland Products. Poly(ethylene glycol) solutions 
(1.4–5.6%) were prepared with deionized (DI) water (18M) generated 
usingMilliporeMilli-Q Academic A-10 system. 
A.3.2    Fabrication of Plasmonic Crystals 
Figure A.1 schematically illustrates the fabrication processes for both the 
nanopost (route (a)) and nanowell (route (b)) 3D plasmonic crystals. Both cases start with 
a pattern of photoresist (i.e. ‘master’) on a SiO2/Si substrate, in the geometry of a square 
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array of cylindrical nanowells with diameters of ׽480 nm and relief depths of ׽350 nm, 
and a periodicity of ׽780 nm. The nanopost fabrication requires three consecutive 
molding steps and uses previously reported drop casting and photocuring procedures [12] 
to form an acryloxy perfluoropolyether (a-PFPE, CN4000) mold with a 
poly(ethyleneterephtalate) (PET) film as a backing support. As reported previously, a-
PFPE, due to its low surface energy, relatively high Young’s modulus and good chemical 
resistance, enables high resolution patterning in various soft lithographic processes 
without the need of fluorination treatment required for more widely used materials such 
as poly(dimethylsiloxane) [12]. This a-PFPE/PET mold was used in a second molding 
step to make a hard PDMS (h-PDMS)/soft PDMS (s-PDMS) composite mold that 
replicates the original nanowell array structure of the master. In particular, the process 
includes spin casting and thermally curing at 65 ◦C for 2 min a thin layer of h-PDMS 
(׽20 μm thick) prepolymer with a thicker layer of s-PDMS (׽4 mm thick) as a backing 
support against the surface of the a-PFPE/PET mold [12, 13]. The third molding step 
involved drop casting and photocuring of polyurethane (NOA 73) on glass [9] against the 
h-PDMS/s-PDMS mold to produce a reverse replica of the master, i.e. a structure of 
square arrays of cylindrical nanoposts. 
The fabrication process for the nanowell plasmonic crystal consists of two 
molding steps. The first step began with the preparation of the h-PDMS/s-PDMS 
composite mold directly from patterned PR on a SiO2/Si substrate. The resulting h-
PDMS/s-PDMS composite mold, which consisted of a square array of cylindrical 
nanoposts, was used in a second molding step to emboss a square array of nanowells on a 
layer of NOA. 
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Blanket deposition of a layer of gold (׽35 nm thick) by sputtering (ATC 2000 
custom four gun co-sputtering system, AJA International) in 5 mTorr of Argon on the 
molded layers of NOA completed the fabrication of both the nanopost and nanowell 
plasmonic crystals. 
A.3.3   Transmission-Mode Spectroscopy 
Transmission spectra of both types of plasmonic crystals were measured with a 
Varian 5G UV–vis–NIR spectrophotometer operating in normal incidence transmission 
mode. Injection of solutions of poly(ethylene glycol) with different concentrations (0–5.6 
wt%) into a flow cell of PDMS built around the plasmonic crystals [7] using a syringe 
pump at the rate of 0.1 ml min−1 led to changes in refractive index surrounding the 
plasmonic crystals. Transmission measurements collected during this process revealed 
the multispectral plasmonic response of both types of crystals to changes in bulk, 
surrounding index of refraction. 
A.3.4   Microfluidic Patterning of Plasmonic Crystals 
Single channel microfluidic devices with channel widths of ׽80 μm were formed 
by casting and curing PDMS against a pattern of photoresist on a silicon wafer. Pieces of 
PDMS formed in this manner were placed into conformal contact with the plasmonic 
crystals. While in contact, the resulting microfluidic channels were filled with a 0.17 mg 
ml−1 solution of fibrinogen in phosphate buffered saline (PBS) using the channel outgas 
technique [14]. After incubating for 1 h, the channels were rinsed with buffer and the 
PDMS elements were removed. The crystals were then sequentially rinsed with PBS and 
water and dried under a stream of nitrogen. 
A.3.5   2D Spatial Imaging of Protein Patterned Plasmonic Crystals 
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Transmission mode images of the crystals with patterns of protein formed 
according to the procedures described above were acquired using an AX-70 upright 
microscope (Olympus) equipped a Magnafire CCD (Optronics) that has an 1280 × 1024 
array of imaging pixels, each of which is 6.7 μm × 6.7 μm. The sample was illuminated 
with white light at normal incidence and the zero-order transmitted light was collected 
with a 20× objective and projected onto the CCD. Considering the collection optics, the 
resolution of this imaging system is ׽2 μm. The raw images had smooth variations in 
brightness as a function of distance from the center of the image. This uneven 
illumination was removed by background correction. 
A.3.6   FDTD Calculations 
The FDTD method was used to model the transmission spectra and 
electromagnetic field distributions[15, 16] of both types of plasmonic crystal. The post 
and well arrays were defined in a gold film parallel to the x–y plane, with air or water on 
the top side and polymer on the bottom side. Periodic boundary conditions were applied 
at the edges of the x–y plane (for all z) and perfectly matching layers were used in the 
upper and lower z grid boundaries to absorb waves exiting the simulation box. The total 
field/scattered field method[16] was used to inject a linearly polarized, broad band light 
pulse into the system propagating along z from the top side toward the bottom side of the 
gold film. A Drude plus two-pole Lorentzian model for the complex, frequency-
dependent gold permittivity was employed[17], with parameters fit to empirical dielectric 
constant data. Details of the implementation can be found elsewhere[18]. The frequency-
resolved electric and magnetic fields were obtained with time-to-frequency Fourier 
transforms. The normal of the corresponding Poynting or flux vector was integrated 
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across the x–y-plane in the polymer region to obtain the transmission spectra. The 
calculations involved evenly spaced grids in x, y and z with grid spacings of 4 nm. The 
nanopost calculations involved Nx × Ny × Nz = 184 × 184 × 750 total grid points and the 
nanowell ones involved 190 × 190 × 750 total grid points. Propagations were carried out 
for 150 fs. 
 
A.4      Results and Discussion 
Figures A. 2(a) and (b) show scanning electron micrographs (SEM) of the 
nanopost and nanowell plasmonic crystals, respectively. The high magnification SEM 
images in the insets show the cross sections of the embossed polymeric nanoposts and 
nanowells and their respective diameters. Although both structures were fabricated from 
a single master, their feature sizes are slightly different: the nanopost plasmonic crystal 
has cylindrical posts with diameters of 520 nm and periodicities of 736 nm whereas the 
nanowell one has cylindrical wells with diameters of 480 nm and periodicities of 760 nm. 
Different levels of shrinkage associated with the different fabrication steps can account 
for these observations[12]. Atomic force microscopy (AFM) images in the top frames of 
figures A. 2(c) and (d) provide additional views of the geometries of the nanopost and 
nanowell structures. The linecuts in the bottom frames reveal heights of 325 nm and 340 
nm for the nanoposts and nanowells, respectively. 
To evaluate the optical properties, we measured and calculated the zero-order, 
normal incidence transmission spectra in both air and water. The results appear as dashed 
and solid lines, respectively, in the graphs of figure A. 3. Figures A. 3(a) and (b) show 
transmission spectra for nanopost and nanowell crystals in air. Figures A. 3(c) and (d) 
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correspond to transmission spectra for those crystals in water. In the case of the 
nanoposts, good agreement between experiment and calculation was obtained by using a 
32 nm gold layer for the nanopost top with 10 nm sidewalls, and a 20 nm gold layer for 
the bottom film. For the nanowells, we used a 36 nm gold layer for the top film, and a 20 
nm gold layer for the nanowell bottom with 12 nm sidewalls. All of these thickness 
values are within uncertainties of those measured directly by transmission electron 
microscopy (TEM) (figure A. 4). Diagrams of the structures used for modeling appear in 
the supporting information (figure A. 5). 
The bulk refractive index sensitivity of both of these crystals was measured by 
sequentially injecting aqueous solutions of poly(ethylene glycol) (PEG, M = 10 000) with 
increasing concentrations (0–5.6 wt%) over the crystals through a fluid flow cell as 
described previously [7, 19]. For a given temperature there is a linear relation between 
the wt% and the solution’s refractive index (RI). At 298 K, 0 wt% (pure water) 
corresponds to an RI of 1.332 and 5.6 wt% corresponds to an RI of 1.340. Transmission 
spectra collected over time show changes in peak positions and intensities as the 
refractive index of the solution is increased. The series of difference spectra were then 
referenced and normalized to the spectrum at time t = 0. Figures A. 6(a) and (b) show the 
normalized changes in transmission in visible range (355–800 nm) as solutions of 
increasing PEG concentration were passed through the nanopost and nanowell plasmonic 
crystals, respectively. The nanopost structure (made from the same master) exhibits the 
greater sensitivity, particularly in the 700–800 nm wavelength range. The integrated 
response over a band of wavelengths is calculated by 
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where Tsolution is the observed transmission in a given solution and Tbaseline is the 
transmission in pure solvent, i.e. water [19]. Figures A. 6(c) and (d) show the responses 
computed by integrating the data of figures A. 6(a) and (b) over the entire wavelength 
range. This integrated response depends linearly on changes in the refractive index of the 
PEG solutions as shown in the figures A. 6(c) and (d) insets. We define the sensitivity to 
be the slope of the response versus refractive index change curve. The measured 
sensitivities are 1100 ± 100 nm/RIU (RIU defined as refractive index unit) and 660 ± 60 
nm/RIU for the nanopost and nanowell cases, respectively. This result corresponds to an 
increased sensitivity of ׽70% for the nanopost crystal. The red curves in the insets of 
figures A. 6(c) and (d) correspond to the calculated integrated responses and lead to 
sensitivities of ׽1900 nm/RIU and ׽1200 nm/RIU for the nanopost and nanowell cases, 
respectively. While these sensitivities are somewhat larger than the experimental ones, 
they confirm that the nanopost crystals are more sensitive than the nanowell ones in the 
case of bulk solutions with refractive indices near the water’s refractive index. 
The structured transmission spectra in figures A. 3(a)–(d) arise due to a variety of 
plasmonic effects, as discussed in previous work [3, 6, 7, 10, 16]. The broad spectral 
feature in the 400–600 nm range is the characteristic transmission associated with a thin 
gold film. The structures at longer wavelengths are due to a variety of plasmonic and 
diffractive features. These features include localized surface plasmons (LSPs) associated 
with the component nanoposts or nanowells. Superimposed on broad LSP resonances, or 
possibly isolated from them, can be features that depend strongly on the periodicities of 
the structures: Bloch wave surface plasmon polaritons (BWSPPs) and diffractive Wood 
(or Rayleigh) anomalies (WAs). Simple formulae [16] can be used to predict the 
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positions of these periodic features, but there can be overlapping and coupling of, e.g., 
LSPs and BW-SPPs, which can complicate clear assignments. Time-to-frequency Fourier 
transforms of the electric field from our FDTD calculations at specific frequencies (or 
wavelengths) of interest provide insights into the nature of the electromagnetic near-
fields, as illustrated in figure A. 7. The z-component of the electric field, Ez, is interesting 
because it can only arise from scattering or plasmonic effects since the incident light is 
polarized along a transverse direction (x). Figure A. 7(a) shows the calculated |Ez|2 at the 
wavelengths of 616, 707 and 753 nm for the nanopost plasmonic crystal while figure A. 
7(b) shows the calculated |Ez|2 at the wavelengths of 707 and 773 nm for the nanowell 
crystal. (See figure A. 8 and figure A. 9) The wavelengths employed are those associated 
with minima in the transmission spectra which often correlate with regions of strong 
absorption by the crystal. These plots show that the three transmission minima exhibited 
by the nanopost structure and the two transmission minima exhibited by the nanowell 
structure have strong LSP contributions at the top and bottom rims of the nanopost and 
nanowell, respectively. By comparing the intensity of the electromagnetic fields, we see 
that the nanopost structure exhibits stronger LSPs than the nanowell structure for most of 
the computed wavelengths. This fact in combination with the extra peak presented by the 
nanopost plasmonic crystal accounts, at least partly, for the increase in sensitivity in the 
visible range for this type of crystal. 
The increase in the bulk refractive index sensitivity at visible wavelengths for 
nanopost plasmonic crystals suggests an expected enhancement in monitoring surface 
binding events using an optical microscope, as reported previously [7, 10]. Transmission 
mode imaging of a patterned, nonspecifically adsorbed protein, shown in figures A. 10(a) 
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and (b), was conducted to explore this possibility. The results show that the nanopost 
crystals have somewhat smaller contrast than nanowell crystals (׽0.045 (au) for 
nanoposts versus ׽0.065 (au) for nanowells). Note that in this experiment we have air 
(not water) above the protein layer. The effective refractive indices that result from a thin 
protein layer (RI = 1.65) and a semi-infinite air layer (RI = 1) are unlikely to be close to 
that of water (RI = 1.33) and so different plasmonic resonances are likely playing a role 
in this case; their spatial extent of overlap between these resonances and the ‘analyte’ is 
also different. To confirm the imaging data, a thin layer of protein (10 nm) with a 
refractive index of 1.65 was used in FDTD calculations. Figures A. 10(c) and (d) show 
the calculated normal incidence transmission spectra of nanopost and nanowell crystals 
with and without protein films and the difference between those spectra. The changes in 
transmission within the visible range (355–800 nm) shown in the green curves are 
smaller in the case of nanopost than nanowell crystals. Calculations carried out by 
slightly varying the protein’s layer RI allow us to estimate a sensitivity of ׽2400 nm/RIU 
for nanopost crystals and a sensitivity of ׽4400 nm/RIU for nanowell crystals. These 
results are thus consistent with the experimental imaging measurements in air. 
Finally, to explore the degree to which different optical properties of the nanopost 
and nanowell plasmonic crystals are due to different overall geometry (i.e. nanopost 
versus nanowell), compared to differences in corresponding dimensions discussed 
previously or to variations in the thickness of the gold, we spin cast a layer of 
polyurethane on top of the embossed side of both plasmonic crystals and cured it under 
UV light. This process yielded two samples with the same nominal geometry, as 
represented in the schematic illustration at the bottom of figure A. 11. Since the 
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plasmonic crystals are fabricated from the same master they should, in principle, be 
symmetric, because the conformal gold layer in both samples is surrounded on both sides 
by NOA. Figure A. 11(a) shows that the experimental transmission spectra of nanopost 
and nanowell plasmonic crystals in cured polyurethane are qualitatively similar, but with 
some notable differences, most likely due to differences in feature sizes and gold 
thicknesses resulting from the molding and deposition processes. Calculated transmission 
spectra shown in figure A. 11(b) confirm behaviors similar to those of the experimental 
data. 
 
A.5      Summary and Conclusion 
In summary, we have described a class of plasmonic crystal containing square 
arrays of nanometer scale posts and used finite-difference time-domain (FDTD) 
calculations to model the optical properties. The experimental and modeling data confirm 
an increase in bulk refractive index sensitivity for aqueous solutions in the 
visiblewavelengths of ׽70% for these crystals compared to similar structures that consist 
of square arrays of nanowells. Opposite trends are observed for thin film binding events 
in air. The results suggest that nanopost and nanowell crystals might offer 
complementary advantages in biosensing and imaging with visible light. 
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A.8      Figures 
 
Figure A.1. Schematic illustration of the fabrication of nanopost (route (a)) and 
nanowell (route (b)) plasmonic crystals. The master is composed of photoresist (PR) 
patterned into a square array of nanowells (diameter D ׽ 480 nm, periodicity P ׽ 780 
nm and relief depth RD ׽ 350 nm) on a silicon substrate (Si). Route (a): drop casting 
acryloxy perfluoropolyether (a-PFPE) and curing under UV light with a poly(ethylene 
terephthalate) (PET) backing support forms an a-PFPE/PET composite mold. Casting 
and curing h-PDMS and s-PDMS against the a-PFPE/PET mold forms an h-PDMS/s-
PDMS composite mold consisting of nanowells. Molding a UV-curable polyurethane 
(PU) with this mold generates the PU replica with nanoposts; route (b): casting and 
curing h-PDMS and s-PDMS against the original master with nanowells forms the h-
PDMS/s-PDMS composite mold with nanoposts. Molding PU with this mold under 
UV light creates a PU replica with nanowells. Deposition of 35 nm thick layer gold by 
sputtering completes the fabrication of both the nanopost and nanowell plasmonic 
crystals. 
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Figure A.2. Scanning electron microscope (SEM) ((a) and (b)) and atomic force 
microscope (AFM) images ((c) and (d)) of the nanopost ((a) and (c)) and nanowell ((b) 
and (d)) plasmonic crystals. The insets in (a) and (b) show high magnification SEM 
images of the cross-section views. The nanopost sample shows posts with a diameter 
of 520 nm and a periodicity of 736 nm, while the nanowell sample shows wells with a 
diameter of 480 nm and a periodicity of 760 nm. The graphs in (c) and (d) show the 
height analysis across an array of nanoposts (c) and nanowell (d). The relief depths for 
the nanoposts and nanowells are shown to be 325 nm and 340 nm, respectively. 
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Figure A.3. Experimental (dashed line) and modeling results (solid line) for normal 
incidence transmission spectra in air ((a) and (b)) and water ((c) and (d)) for nanopost 
((a) and (c)) and nanowell ((b) and (d)) 3D plasmonic crystals. The calculated spectra 
were generated from quantitative electrodynamics modeling. For the nanopost sample 
a periodicity of 736 nm, a diameter of 520 nm, a relief depth of 324 nm and a 
thicknesses of gold of 32 nm on top, 20 nm on bottom and 10 nm on the post sidewall 
were used in the modeling while for the nanowell sample a periodicity of 760 nm, a 
diameter of 480 nm, a relief depth of 340 nm and a thicknesses of gold of 36 nm on 
top, 20 nm on the bottom and 12 nm on the sidewall were considered. 
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Figure A.4. Transmission electron micrographs (TEM) of the cross section of a 
nanopost plasmonic crystal. The top frame shows a typical cross section. The lower 
frames present high magnification TEM images showing the thickness of the sputtered 
gold on (a) the top of the crystal (~35nm), (b) the sidewall (~10-14nm) and (c) the 
bottom of the nanoposts (~25nm). 
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Figure A.5. Schematic diagram of the unit cell cross section used in the FDTD 
modeling of (a) a nanopost plasmonic crystal and (b) a nanowell plasmonic crystal. 
The nanopost crystal has a periodicity of 736nm, with a nanopost diameter of 520nm 
and nanopost depth of 325nm. Gold thicknesses of 32nm on the top, 20nm on the 
sidewall and 10nm on the bottom of the nanopost were used for the modeling. The 
nanowell crystal has a periodicity of 760nm, with a nanowell diameter of 480nm and 
nanowell depth of 340nm. The thicknesses of gold on the nanowell top, bottom and 
sidewall were 36nm, 20nm and 12nm, respectively. The refractive indexes of the 
polymer, air and water are 1.56, 1.00 and 1.33, respectively. 
197 
 
 
 
 
 
 
Figure A.6. Multispectral plasmonic response in the wavelength range of 355–800 nm 
of a nanopost plasmonic crystal ((a) and (c)) and of a nanowell plasmonic crystal ((b) 
and (d)) to sequential injections of increasing concentrations of aqueous polyethylene 
glycol (PEG) solutions. ((a) and (b)) color contour plots of the change in transmission 
(T ) as a function of wavelength and time with the corresponding injected PEG 
concentrations. ((c) and (d)) integrated response as a function of time over 355–800 
nm. The insets show the linear correlation between the integrated responses and the 
changes in refractive index of the PEG solutions. The red and blue lines show 
experimental and modeling results, respectively. 
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Figure A.7. (a) Calculated electric field intensities, |Ez |2, for the nanopost plasmonic 
crystal in an aqueous solution associated with the resonances in transmission at 
wavelengths ׽616, ׽707, and ׽753 nm; (b) calculated electric field intensities, |Ez |2, 
for the nanowell plasmonic crystals in an aqueous solution associated with the 
resonances in transmission at the wavelengths ׽707 and ׽773 nm. 
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Figure A.8. Three-dimensional images of the computed electromagnetic field 
intensities for the polymer/nanopost/water system associated with the resonances in 
transmission at (a) 616nm, (b) 707nm, and (c) 753nm. 
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Figure A.9. Three-dimensional images of the computed electromagnetic field 
intensities for the polymer/nanowell/water system associated with the resonances in 
transmission at (a) 707nm, and (b) 773nm.
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Figure A.10. Transmitted-light images of a protein, fibrinogen, nonspecifically 
adsorbed to the surfaces of nanopost (a) and nanowell (b) plasmonic crystals. The 
bottom curves show the measured light intensity contrast from the protein regions. The 
nanopost crystal has a periodicity of 745 nm, a nanopost diameter of 545 nm and a 
nanopost relief depth of 345 nm while the nanowell crystal has a periodicity of 765 
nm, a nanowell diameter of 560 nm and a nanowell relief depth of 320 nm. Frames (c) 
and (d) show the calculated normal incidence transmission spectra in air without 
protein (black curves), with a thin layer of protein (׽10 nm) (red curves) and the 
spectral difference (green curves) for the nanopost and nanowell plasmonic crystals 
described in figure A.3. 
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Figure A.11. Comparison of the transmission spectra of ‘similar configurations’ of 
nanopost and nanowell plasmonic crystals with cured polyurethane (PU) on top. 
Frame (a) shows the experimental data while frame (b) shows the calculated data. 
Both of the samples were prepared by spin coating and UV curing a thin layer of 
polyurethane (PU, NOA-73) on top of the nanopost and nanowell plasmonic crystals. 
The geometry of the samples is shown in the bottom diagrams.
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APPENDIX B 
OPTIMIZATION OF 3D PLASMONIC CRYSTAL STRUCTURES FOR 
REFRACTIVE INDEX SENSING  
This chapter is reproduced with permission from the previously published paper: J. 
Maria, T. T. Truong, J. Yao, T.-W. Lee, R. G. Nuzzo, S. Leyffer, S. K. Gray, J. A. 
Rogers, “Optimization of 3D Plasmonic Crystal Structures for Refractive Index Sensing", 
J. Phys. Chem. C 2009, 113, 10493–10499. Copyright 2009, American Chemical Society. 
My contributions include conducting the bulk sensitivity measurement for the 
gold thickness effects and data analysis. I would like to acknowledge Joana Maria and 
Tae-Woo Lee for simulating the optical response of the plasmonic crystals and analysis 
of the simulation data. I would also like to acknowledge Tu Truong for conducting the 
bulk sensitivity measurement for the nanohole relief depth effects and data analysis.  
 
B.1       Abstract 
We study the refractive index sensitive transmission of a 3D plasmonic crystal 
that consists of a square array of subwavelength cylindrical nanowells in a polymer 
conformally coated with a gold film. Using extensive 3D finite-difference time-domain 
simulations, we investigate the effect of system parameters such as periodicity, well 
diameter and depth, and metal thickness on its refractive index sensitivity. These 
theoretical results are also confirmed experimentally in some cases. Our calculations 
predict an enhancement in sensitivity by an order of magnitude when the plasmonic 
crystal characteristics are optimized. 
 
B.2       Introduction 
The optical properties of metallic nanostructures continue to be the focus of much 
research. Such systems, ranging from isolated metal nanoparticles to precisely fabricated 
arrays of metal nanoparticles and subwavelength apertures in metal films can exhibit 
strong optical responses near certain wavelengths often associated with surface plasmon 
excitations.[1-10] Surface plasmons are collective excitations of free electrons near metal 
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surfaces that produce intense light localized near the metal surface. These “plasmonic” 
properties are relevant to chemical sensing applications.[4, 8, 9] Two well-established 
chemical sensing approaches making use of surface plasmons are the surface plasmon 
resonance (SPR) technique which involves thin metal films[4] and surface enhanced 
Raman scattering (SERS) on rough metal films or related structures.[9]  
Recently, we have fabricated and characterized certain plasmonic crystal 
structures involving a polymer film with a pattern of imprinted wells on one side and a 
metal (gold) film deposited on the patterned side[2, 11] As with the pioneering work of 
Ebbesen et al. on arrays of subwavelength wells in metal films,[12] these systems can 
exhibit very structured transmission spectra with peaks corresponding to a surprising 
amount of optical transmission. The plasmonic crystals we are considering are somewhat 
more complex in character, involving not just wells but well structures with metal also 
being deposited on the bottom and/or sidewalls of the original polymer well. This 
complexity provides additional system parameters that can be varied to fine-tune the 
optical response. 
The optimization of system parameters for, say, refractive index (RI) sensing 
purposes is a challenging problem because there are a variety of variables such as the 
well diameter, depth, and metal thickness, to be considered. It is difficult to predict, based 
on simple physical principles involving the individual components, what the full system’s 
optical response would be. However, rigorous electrodynamics simulations can be used 
for such purposes. In this work, we carry out extensive finitedifference time-domain 
(FDTD) modeling of the plasmonic crystal configuration of Figure B.1 and compare the 
calculated results with experimental ones, where available. In particular, we predict how 
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the figure-of-merit (FOM) for RI sensing can be increased by an order of magnitude with 
a suitable choice of system parameters. 
 
B.3       Experimental 
B.3.1    Materials 
Poly-dimethylsiloxane (soft PDMS; Dow Corning, Sylgard 184) was purchased 
from Ellsworth Adhesives. The components[13] used in the hard PDMS formulation 
were purchased from Gelest. Photocurable polyurethane (PU; NOA73) was purchased 
from Norland Products. All reagents were used as received without further purification. 
Polyethylene glycol buffer solutions (PEG) (0-7.6 wt%) were prepared with 18 MΩ 
deionized water (Millpore Milli-Q Academic A-10 system). 
B.3.2   3D Plasmonic Crystal Fabrication  
Soft nanoimprint lithography on an NOA layer with composite h-PDMS/s-PDMS 
molds[14] in the geometry of square arrays of cylindrical posts was used to fabricate 
patterned relief structures of nanowells[2, 15] A continuous layer of gold was deposited 
on the embossed NOA by sputter deposition in 5 mTorr Ar (ATC 2000, AJA 
International). 
B.3.3   Transmission-Mode Spectrophotometry 
All optical transmission measurements of the 3D plasmonic crystals were carried 
out on a Varian 5G UV-Vis-NIR, operating in normal incidence transmission mode. 
Solutions were injected into a flow cell built around the plasmonic crystal using a syringe 
pump at a rate of 0.1 mL/min. 
B.3.4   FDTD Calculations 
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The finite-difference time-domain (FDTD) method was used to model the optical 
properties of the 3D plasmonic crystals.[16, 17] In this approach, the electric and 
magnetic fields describing light interacting with the system are propagated in time 
according to Maxwell’s equations, and relevant observables such as the zero-order 
transmitted light are inferred. A single unit cell is considered, with appropriate periodic 
boundary conditions to describe an infinite square array, and uniaxial perfectly matching 
layers at the z grid boundaries are used to absorb the outgoing field components. The 
computational domain consists of a square of P/Δx × P/Δy grid points centered on the 
nanowell (P is the grating periodicity in nm) in the x-y plane and 750 grid points in z, 
with a resolution of Δx = Δy = Δz ) 4 nm. Each calculation is carried out for a total 
simulation time of 150 fs. Test calculations with smaller grid spacings and larger 
simulation times indicated that the results are converged. The initial excitation of the 
system by a timewindowed plane wave is carried out using a total field/scattered field 
formulation16 with boundary 600 nm below the bottom surface of the film. The materials 
are defined by assigning to spatial regions, where they occur, appropriate relative 
dielectric constants, ƐR, or equivalently, refractive index n = ƐR1/2. We use: n = 1.56 for 
NOA; n = 1.332 for water; n = 1.3336, 1.3357, and 1.3377 for the 1.4, 2.8, and 4.2 wt % 
PEG solutions, respectively. In the case of gold, it is important to include its wavelength 
dependence, ƐR = ƐAu(λ). This is described by a Drude plus two-pole Lorentz 
representation with parameters fit[16-19] to match experimental permittivity data[20] 
over the range 400-1000 nm. The Drude parameters are 　Ɛ∞ = 5.40, γD = 0.1077 × 1015 
Hz and 　ωD = 0.1331 × 1017 Hz and Lorentz parameters are ωL1 = 0.4897 × 1016 Hz 
and ωL2 = 0.4147 × 1016 Hz, γL1 = 0.4358 × 1015 Hz and γL2 = 0.4175 × 1015 Hz, gL1 = 
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0.6011 and gL2 = 0.3989, and Δε = 1.8094. An auxiliary differential equations approach, 
which introduces additional polarization vectors that are equivalent to the Drude-Lorentz 
model, is then employed.[17, 19] The zero-order transmission is obtained by calculating 
the flux of the electromagnetic energy through the x-y plane zT = 800 nm above the top 
surface of the film, and normalizing it with the appropriate incident flux. Note that in 
order to obtain just the zero-order (or zero angle of deflection) contribution, the electric 
and magnetic fields in the flux or Poynting vector must be first averaged over the x-y 
plane as discussed in ref [21]. 
Owing to the large 3D grids required to describe the system, a typical FDTD 
calculation with parameters as described above can require up to 6 h of clock time 
running on 128 (2 GHz) processors of a parallel computer. 
 
B.4.      Results and Discussion 
A set of plasmonic crystals with periodicities ranging from 400 to 1152 nm, 
diameters from 156 to 456 nm, relief or well depths from 300 to 600 nm and well film 
thickness from 0 to 150 nm were studied both theoretically and, in some cases, 
experimentally. The basic system structure (Figure B.1)[2] is differs from that of our first 
plasmonic crystal structure[11] in that there is a conformal coating of metal formed by 
sputter deposition over the embossed polymer side. The quasi-3D plasmonic crystal was 
formed by depositing a metal by electron beam (ebeam) evaporation, which created a 
gold nanowell array with a separate level of disks in the bottom of the embossed 
nanowells. The new structure was found to be somewhat more sensitive, particularly in 
the visible, than the original structure, which had very little metal on the nanowell 
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sidewalls consisting mainly of a pileup of gold grains around the disks at the bottom of 
the nanowells.[11]  
For the experiments, large area and spatially uniform square arrays of cylindrical 
nanowells were embossed in a polymer by soft nanoimprint lithography and a thin 
continuous layer of gold was deposited by sputter deposition at ׽5 mTorr to complete the 
plasmonic crystal fabrication process. The top frame of Figure B.1(A) shows a scanning 
electron microscopy (SEM) image of a plasmonic crystal with periodicity of 748 nm and 
a well diameter and well depth of 456 and 350 nm, respectively. The middle frame of 
Figure B.1(A) shows a transmission electron microscopy (TEM) image of the same 
plasmonic crystal. This image, together with the TEM images on the bottom frame of 
Figure B.1(A), allows the characterization of the gold layer geometry. A gold thickness 
of 35 nm on the top of crystal, 12 nm on the sidewall, and 20 nm on the bottom of the 
nanowells was measured. Figure B.1(B) shows a schematic diagram of the unit cell used 
in the modeling; Region I represents the polymer, Region II consists of the gold geometry 
as inferred from the TEM images, and Region III represents a region of variable index of 
refraction, e.g., water or a polyethylene glycol (PEG) solution. The plane wave is 
launched from region I (NOA) and the transmission spectrum is calculated in Region III 
(the solution). 
B.4.1   Relief Depth  
Figure B.2(A) shows the experimental and FDTD calculated normal incidence 
transmission spectra for the sample of Figure B.1(A) when in contact with water. The 
periodicity, diameter, and relief (or well) depth for this base system are 748, 456, and 350 
nm, respectively. Owing to our grid resolution (4 nm), it is not possible to exactly match 
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the various gold layer thicknesses in Figure B.1(A). Instead, the theoretical calculations 
employ top, bottom, and sidewall thicknesses of 32, 16, and 8 nm, respectively. The 
calculated spectrum captures the main experimental spectral features, although some 
differences start to be noticeable in the longer wavelength region. This can probably be 
explained by the fact that the full 3D FDTD calculations did not include the water 
absorption effect, which becomes important for λ > 1000 nm. The peak structure near 500 
nm corresponds to the background thin film transmission. Other peak structures, as in 
previous work,[2, 11, 16] are due to local surface plasmon (LSP) resonances associated 
with nanowells and Bloch wave surface plasmon polaritons (BW-SPPs), which are 
standing waves formed from counter-propagating surface plasmon polaritons. Fourier 
transforms of the time-evolving electric fields from our calculations on specific 
frequencies can yield information about the character of the resonances. In the present 
examples it turns out that it is difficult to find isolated BW-SPPs and that most peaks are 
LSPs or combinations of LSPs and BW-SPPs with a strong LSP character. 
Figure B.2(B) shows calculated normal incidence spectra for a series of plasmonic 
crystal samples with the same periodicity (752 nm), well diameter (456 nm), and gold 
thickness (32 nm on the top, 16 nm on the bottom, and 8 nm on the nanowell sidewalls) 
as a function of the nanowell relief depth. The resonances at 697 and 794 nm get more 
intense as the relief depth increases, which can be explained by a stronger interaction 
between the gold top surface and the gold disk at the bottom of the nanowell. To 
investigate how these changes in the plasmon resonances with relief depth affect the 
plasmonic crystals sensitivity, FDTD calculations were carried out for the series of 
plasmonic crystals in contact with solutions of increasing refractive index. 
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Figure B.3(A) shows the obtained normal incidence transmission spectra for a 
plasmonic crystal of 350 nm relief depth for solutions with known RI values ranging 
from 1.332 to 1.3377, corresponding to %PEG concentrations ranging from 0 to 4.2 wt %. 
On the scale of this figure, it is not possible to discern the transmission changes with RI. 
However, the inset of Figure B.3(A), depicting a 15 nm region near a minimum, shows 
that spectral features do shift in position and magnitude. Such small changes, if of good 
fidelity, are indeed used for RI sensing.[22-25] Recently, however, it was found that a 
multispectral analysis that accounts for both the wavelength and intensity-based changes 
in the transmission spectra is more appropriate for imaging applications with our type of 
plasmonic crystal.[2, 11] In this work, we use this latter approach and calculate the total 
response of the plasmonic crystal over all wavelengths with 
 
                        R = Δ %T λ( )( )
Tbaseline
dλ =∫ Tsolution −TbaselineTbaseline dλ∫                    (1)     
 
In eq 1, Tsolution is the observed transmission for a given solution composed of solvent 
(water) and PEG solute, and the baseline transmission, Tbaseline, is the transmission by the 
plasmonic crystal in pure solvent (water). The integrand of eq 1 is the normalized change 
in transmission relative to the pure solvent. 
Some additional remarks should be made concerning eq 1. Contrary to resonance 
wavelength based sensors, for example, the sensitivity response of eq 1 might actually 
improve in the case of broad resonances. A limiting feature of eq 1, however, is that if 
Tbaseline is small compared to the absolute changes in transmission, the result might be 
overly sensitive to Tbaseline. 
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Figure B.3(B) shows that this normalized transmission difference, Tnorm, is much 
more sensitive to the RI of the solution. Figure B.3(C) shows the calculated total response 
as a function of solution RI. In general, for the small RI changes, this response is well 
approximated by a line. The slope of this line is what we take to be the figure of merit 
(FOM). In this example, FOM ≈ 1700 nm/RIU, and we will take this FOM to be the 
base FOM upon which to improve upon. Two points should be about eq 1, and the FOM 
values we infer from its variation with RI. First, while the FOM has units of nm/RIU, it 
should not be confused with a spectral resonance position shift with RIU. The nm units 
arise from integration of the response over the 400-1000 nm visible-near IR wavelength 
range of interest. The second point is that ref 2 used a response measure of just the 
magnitude of the transmission difference, as opposed to the normalized transmission 
difference used in eq 1. Given that it can be difficult to achieve quantitative agreement 
between modeling and experimental results in these complex systems, we anticipate that 
use of a relative measure might factor out some experimental and theoretical differences 
and lead to more comparable FOM values. (The present FOM) 1700 nm/RIU for our base 
plasmonic crystal system corresponds to the value of the older FOM of 6000 Δ%T/RIU 
that was reported in ref 2). 
The same procedure as above was followed to calculate the bulk refractive index 
sensitivity of plasmonic crystals with relief depths ranging from 300 to 600 nm, and the 
results are shown in Figure B.4. The sensitivity increases with relief depth until a 
maximum sensitivity of 3354 nm/RIU is achieved for a relief depth of 500 nm after 
which the sensitivity starts to decrease indicating that there is an optimum relief depth for 
the interaction between the top metal layer and the gold disks at the bottom of the 
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nanowell. Figure B.4 also presents results for an experimental study of the sensitivity as a 
function of relief depth for depths between 300 and 500 nm that also show an increase in 
the plasmonic crystal sensitivity. Unfortunately, it was not possible to obtain larger relief 
depths than 500 nm to verify that there is a maximum in this region. While the 
magnitudes of the experimentally determined FOMs are comparable to the theoretical 
ones, they can be smaller by a factor of 2 owing presumably to various imperfections 
such as nonuniform metal layer thicknesses. 
B.4.2   Periodicity and Diameter  
A series of plasmonic crystal samples with the same nanowell well diameter (456 
nm), relief depth (350 nm), and gold thickness (32 nm on the top, 16 nm on the bottom 
and 8 nm on the nanowell sidewalls) but with periodicities varying between 552 nm and 
1152 nm were modeled. The FOM for bulk refractive index sensitivity is ׽2100 nm/RIU 
for a periodicity of 552 nm and it decreases, in an approximately linear manner, as the 
periodicity increases (Figure B.5(A)), indicating an enhanced coupling between 
neighborhood nanowells as the distance between nanowells decreases (equivalent to 
decreasing the periodicity) that causes an increase in the LSP intensities.[26-28] By 
periodicity 1152 nm, the FOM is ׽550 nm/RIU. 
Increasing the well diameter for a fixed periodicity can have a similar effect to 
decreasing the periodicity since well-to-well interactions also increase. We carried out 
FDTD calculations for a constant plasmonic crystal periodicity of 752 nm and increased 
the well diameter between 156 and 456 nm (Figure B.5(B)). The FOM for bulk refractive 
index sensitivity ranged from ׽800 nm/RIU at diameter 156 nm to ׽1700 nm/RIU at 
diameter 456 nm. 
213 
 
Simultaneously varying the periodicity and diameter has a less straightforward 
effect. The above results might suggest that simultaneously decreasing the periodicity and 
increasing the well diameter would lead to higher FOM values. However, our best results 
with the individual variations are already near the physical limit of what is possible 
without the system no longer consisting of nonoverlapping wells. Instead, we chose to 
investigate the opposite limit of increasing the diameter with decreasing periodicity or, 
equivalently, decreasing the diameter with increasing periodicity. Figure B.6 shows 
results of calculations for when both the plasmonic crystal periodicity and well diameter 
are changed with the diameter being taken to be 0.6 times the periodicity. Interestingly, a 
maximum sensitivity of ׽3500 nm/RIU is achieved for a periodicity of 524 nm and a 
well diameter of 320 nm, which is 75% better than our best result concerning individual 
variations. Figure B.6 also shows experimental results for plasmonic crystals with 
comparable periodicity and diameter variations. As with our other comparisons with the 
modeling results, the experimental FOM shows similar gross trends and is comparable in 
magnitude but up to twice as small. Unfortunately, experimental limitations prevented us 
from investigating the lower periodicity and diameter values and confirm the theoretical 
prediction of a maximum in the FOM. 
Notice that the experimental FOM in Figure B.6 increases slightly as the 
periodicity increases from 780 to 1000 nm, which is not seen in the calculated results. 
SEM images of the plasmonic crystal samples (not shown here) showed that the 
nanowells for a periodicity of 580 and 780 nm are cylindrical, while for a periodicity of 
1000 nm, they are rectangular. It is expected that sharper geometries will induce stronger 
LSP resonances, which can possibly explain the increase in sensitivity for this periodicity. 
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B.4.3   Gold Film Thickness  
Finally, the effect of the gold thickness on the top, sidewalls and bottom of the 
nanowells is considered. FDTD calculations show that by keeping the sidewall and 
bottom gold thicknesses (8 nm and 16 nm, respectively) and changing the top gold 
thickness, an increase in sensitivity with top gold thickness was seen until it reached a 
maximum of ׽3100 nm/RIU for a top gold thickness of 64 nm, for which afterward it 
started to decrease (Figure B.7(A)). This result is not surprising since it is well know that 
there is an optimal thickness to couple into the plasmons on a thin metal film that depend 
on the wavelength and materials involved. For a thin gold film in contact with a prism 
and air and wavelengths between 600 and 1000 nm, the optimum coupling thickness 
varies between 44 and 50 nm.[4, 29] 
When the sidewall gold thickness is changed and the top and bottom gold 
thicknesses are kept the same (32 nm and 16 nm, respectively), the sensitivity increases 
with gold thickness until a maximum sensitivity of ׽5400 nm/RIU is reached for a 
sidewall gold thickness of 96 nm after which the sensitivity begins to decrease (Figure 
B.7(B)). From classical Mie theory, it is well know that LSP resonances are extremely 
sensitive to the size and shape of nanoparticles and nanowells.[30] By keeping the 
nanowell diameter the same and changing the sidewall gold thickness, we are effectively 
changing the well diameter size and the sidewall gold thickness of 96 nm corresponds to 
an optimum separation between nanowells. 
The effect of the bottom gold thickness (Figure B.7(B)), when keeping the top 
and sidewall thickness constant (32 nm and 8 nm, respectively), on the bulk refractive 
index sensitivity is not as large as that with the sidewall gold thickness, since LSP 
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resonances are not as sensitive to the bottom gold thickness as they are to the nanowell 
well diameter. 
B.4.4    Optimized Structures 
 Owing to the large computational effort associated with just one simulation, a full 
optimization of all of the system parameters to maximize the bulk refractive index 
sensitivity is difficult to achieve. We decided instead to optimize aspects of the metal 
thickness in relation to (i) our optimized relief depth result of Sec. B.4.1 and (ii) our 
optimized simultaneous periodicity-diameter result of Sec. B.4.2. On the basis of the 
latter result, a more systematic optimization procedure is then used to obtain our best 
estimate for an optimum structure. 
Section B.4.1 showed, for periodicity 752 nm and diameter 456 nm (these 
parameters are close to the ones reported in ref 2), that a relief depth of ׽500 nm is 
optimal. If we take this configuration, but use the optimal gold layer thicknesses inferred 
in Sec. B.4.3 above, 64 nm of gold on the top surface, 96 nm of gold on the nanowell 
sidewalls, and 24 nm on the bottom surface, we obtain from our FDTD calculations a 
sensitivity of ׽6800 nm/RIU. This result is ׽4× higher than the reported sensitivity in 
ref2. Although the FDTD calculations allowed us to optimize the plasmonic crystal 
sensitivity the resulting gold geometry cannot be easily implemented experimentally. For 
simplicity, we also investigated use of a uniform gold layer, i.e. the same top layer, 
bottom layer and wall thickness. (By sputtering gold onto the crystal at an increased 
pressure, such a uniform gold geometry could possibly be achieved.) Calculations were 
carried out to determine to optimal gold thickness for this case. Figure B.8(A) shows that 
a calculated maximum sensitivity of ≈ 4400 nm/RIU occurs for a uniform gold thickness 
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of ≈ 96 nm. This sensitivity is ≈ 3 times higher than the reported calculated sensitivity 
in ref.2. The calculated trends in sensitivity as a function of gold thickness were also 
verified experimentally as is shown in Figure B.8(B). We should note that the 
experimental results in Figure B.8(B) do not involve the same gold thickness for top, 
bottom and sidewall layers but correspond to the proportions consistent with Figure 
B.1(A), with the horizontal axis in Figure B.8(B) corresponding to the top layer thickness. 
When considering the simultaneous variation of periodicity and diameter in Sec. 
3.2 (e.g., Figure B.3(A)) it was shown that a relatively large sensitivity can be obtained 
for a plasmonic crystal with a periodicity of 524 nm and a well diameter of 320 nm. For 
simplicity we continue to use a uniform gold layer in our calculations and consider 
variation of the FOM with its thickness in Figure B.8(C). An impressive maximum 
sensitivity of ≈ 16,600 nm/RIU is obtained for a gold thickness of 96 nm, which is a 
factor ≈ 10 times higher than the calculated sensitivity reported in ref 2. Note that these 
latter calculations were actually carried out with a relief depth of 400 nm, which is 
slightly larger by 50 nm than that used in Sec. B.4.2. A more rigorous attempt at finding a 
true maximum of the FOM with respect to the relevant parameters now follows. 
While informative, the above systematic variations of the various system 
parameters may not lead to the most optimal sensitivity. Unfortunately, the complex 
interplay between system parameters that we have seen above makes it difficult to 
proceed on simple physical grounds. An alternative is to employ optimization techniques 
to maximize the figure of merit. However, we cannot apply gradient-based optimization 
methods, because the FDTD simulations preclude the accurate and efficient computation 
of derivatives. Thus, we consider using derivative-free optimization, see, e.g., Conn et 
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al.[31] We therefore build a surrogate model of our simulation results and use this model 
to predict the parameter values that lead to the optimal sensitivity. This process is 
iterative in character since simulations are run at the predicted optimal points of the 
surrogate and the new simulation result is used to refine the surrogate model and make 
further predictions. We consider a system parameter vector x = x1, x2, x3, x4)T, where x1 is 
the well depth, x2 is the periodicity, x3 is the relief depth, and x4 is uniform metal layer 
thickness. Given a current iterate x(k), the sensitivity is then approximated by a quadratic 
function of the form q(x) = q0 + gT x + xT W x/2 within a trust-region around the current 
best parameter vector, denoted by || x(k) - x || ≤ Δk, where Δk is the trust-region radius and 
||... || denotes the Euclidean norm. Here, q0 is a scalar, g is a vector, and W is a symmetric 
matrix representing second-order information, and the superscript T means transposition. 
The quadratic surrogate, q(x), has 15 parameters (q0, g, and W), which we fit to our 
available data. We follow Powell32 and compute a least-change Hessian interpolation. 
Initially, we use a subset of the data points generated during the coordinate-wise search. 
At every iteration, the surrogate predicts a new maximum, and we run the FDTD 
simulations to obtain the actual sensitivity at this maximum. If the new point improves 
the FOM, then we move to this new point, and recenter the trust-region. Otherwise, we 
exploit the new value to improve the surrogate model, by adding this value to the data 
from which we fit the quadratic. 
After eight iterations, we were able to find a new optimal sensitivity of 18 700 
nm/RIU, which is a 13% improvement over the result in Figure B.8(C). This new 
optimum corresponds to x/nm ) (330, 530, 419, 100), whereas the point in Figure B.8(C) 
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corresponds to x/nm ) (320, 524, 400, 96). We continued to run the derivative-free 
optimization solver for another 10 iterations without any further improvement. 
We believe that it is unlikely that we can discover a configuration with a 
significantly better FOM. The initial coordinate search implies that we have already 
covered much of the design space. The optimization routine is used to home-in on the 
most promising region, and it seems unlikely that other far-away points can improve the 
design. We interpret the fact that our local surrogate does not improve the FOM over 10 
consecutive iterations as an indication that the design cannot be improved locally. We 
observe that the model does not settle down, because it contains one positive eigenvalue, 
which may be an artifact of the quadratic model we have chosen. To remove this 
eigenvalue and prove local optimality, we would have to run 34 = 81 FDTD simulations, 
which is prohibitive. Finally, it is instructive to compare how our particular plasmonic 
crystal, involving conformal coating by metal of the nanowell structure, compares with 
other possible structures. The plasmonic crystal result of Figure B.8(C) was therefore 
compared to the bulk refractive index sensitivity of plasmonic crystals with different gold 
structures but the same physical parameters. A crystal sample with no gold layer (i.e., just 
the imprinted polymer) is found to have a sensitivity of just 265 nm/RIU (Figure B.9). 
This value reflects the contribution of Fresnel-type reflections to the calculated bulk 
refractive index sensitivity of our plasmonic crystal that is only 1.6% of the total 
calculated sensitivity. A plasmonic crystal with 96 nm of gold on the top surface and at 
the bottom of the nanowellsi.e., no gold on the sidewallsshas a sensitivity of ׽14800 nm/ 
RIU (Figure B.10), showing that the sidewall gold thickness of our type of plasmonic 
crystal effectively increases the total sensitivity. A plasmonic crystal with 96 nm on the 
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top surface only yields a sensitivity of ׽7700 nm/RIU (Figure B.11), whereas a 
plasmonic crystal with 96 nm of gold on the bottom of the nanowell only yield a 
sensitivity of ׽1300 nm/RIU, which are ׽46% and 7.6% of the calculated maximum 
sensitivity, respectively. The effect of the gold disk at the bottom of the nanowell in the 
sensitivity is smaller than the effect of the top gold surface and the gold sidewalls as 
expected. The calculated result was also compared to the sensitivity of a plasmonic 
crystal with subwavelength wells in a 96 nm gold film. A sensitivity of ׽6100, which is 
׽37% smaller than the calculated sensitivity of the optimal structure, was obtained. 
B.5.     Conclusions 
We investigated how light transmission through 3D plasmonic crystals is 
influenced by the periodicity and diameter of the well structures and various metal layer 
thicknesses. In particular, we focused on optimizing a figure-of-merit (FOM) associated 
with the refractive index (RI) sensing capabilities of such systems. Our extensive finite-
difference time-domain (FDTD) calculations revealed strong dependences that can be 
associated with coupling into and out of surface plasmon excitations. In particular, 
variation of the metal film thicknesses associated with the nanowell sidewalls and bottom 
can lead to very large sensitivities. In some instances, we also provided experimental 
confirmation of the predicted trends. Furthermore, we demonstrated that by carefully 
optimizing the system parameters, the sensitivity can be enhanced by an order of 
magnitude. A number of system features need to be further studied both experimentally 
and theoretically in order to achieve even greater sensing capabilities. These include the 
role of nanowell shape (e.g., cylindrical vs. rectangular), as well as the consideration of 
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systems with longer wavelength plasmon resonances that might lead to stronger 
responses. 
While we found reasonable qualitative agreement between our theoretical 
predictions and experimental results, it is of course desirable to achieve better 
quantitative agreement. This can be achieved by introducing imperfections into the 
theoretical model as in ref 11 and/or improved experimental fabrication. More precise 
experimental control of, in particular, the nanowell metal thickness coating will also be of 
utility in achieving better sensing capabilities. Future theoretical work will also be 
directed toward extending the derivative-free optimization approach[31, 32] and 
investigating alternative optimization methods. 
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B.8      Figures 
 
Figure B.1. (A) (Top frame) Scanning electron micrograph (SEM) of a 3D plasmonic 
crystal with a periodicity of 748nm, a well diameter of 456nm and a well depth of 
350nm. (Middle frame) Cross-section transmission electron micrograph (TEM) of the 
plasmonic crystal showing the polymer nanowell array surface in white covered by a 
continuous gold layer in black. (Bottom frame) High magnification TEM images 
showing the gold thickness at the top (~35nm; left), sidewall (~12nm; middle) and 
bottom (~20nm; right) of the nanowell array. (B) Schematic representation of the unit 
cell used in the computational electrodynamics modeling. Light is incident from 
Region I and propagates in the direction of the gold layer that constitutes Region II. 
The transmission spectra are obtained in Region III. 
226 
 
 
Figure B.2. (A) Experimental (black) and simulated (red) normal incidence 
transmission spectra in water of the plasmonic crystal in Fig. 1. (B) Simulated normal 
incidence spectra in water of a series of plasmonic crystals with a periodicity of 
752nm, a well diameter of 456nm and relief depths of 300nm (black), 350nm (red), 
400nm (green), 450nm (blue), 500nm (cyan) and 550nm (orange), respectively. The 
gold thickness is 32nm on the top, 8nm on the sidewalls and 16nm on the bottom of 
the nanowell array, respectively. 
227 
 
 
Figure B.3. (A) Simulated normal incidence transmission spectra of the plasmonic 
crystal shown in Fig. B.2 (B) with a relief depth of 350nm for different refractive 
index environments in Region III: n = 1.332 (water, black line), n = 1.3336 (1.4 wt% 
PEG solution, red line), n = 1.3358 (2.8 wt% PEG solution, green line) and n = 1.3377 
(4.2 wt% PEG solution, blue line), respectively. Region I has a refractive index n = 
1.56. (Inset) Magnification of the transmission spectra for a wavelength of ~790nm 
showing changes in both position and intensity of the spectral features due to the bulk 
refractive index changes. (B) Plot of the normalized difference transmission spectra 
calculated using the results from (A) referenced to the transmission spectrum in water 
[Tnormalized = (TPEG(x wt%) – Twater) / Twater]. These plots capture changes in transmission 
due both to shifts in peak position and changes in the transmission intensity. (C) Plot 
of the total response of the plasmonic crystal over all wavelengths as a function of the 
change in refractive index of the PEG solutions. This plasmonic crystal exhibits a 
sensitivity of ~1699 ΔTnm/RIU.
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Figure B.4. (A) Calculated sensitivity or figure of merit (FOM) for the series of 
plasmonic crystals from Fig. B.2(B). It is shown that the plasmonic crystal sensitivity 
is highest for a relief depth of 500nm. (B) Experimental FOM for the plasmonic 
crystal from Fig. B.1(A); these results confirm the simulated result of an increase in 
sensitivity as the relief depth increases until an optimal relief depth.
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Figure B.5. (A) Calculated figure of merit (FOM) for a series of plasmonic crystals 
with a well diameter of 456nm, a relief depth of 350nm and periodicities of 552nm, 
752nm, 952nm and 1152nm. (B) Calculated figure of merit (FOM) for a series of 
plasmonic crystals with a periodicity of 752nm, a relief depth of 350nm and well 
diameters of 156nm, 256nm, 356nm and 456nm. The gold thickness is 32nm on the 
top, 8nm on the sidewalls and 16nm on the bottom of the nanowell array for both 
series of crystals.
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Figure B.6. (A) Calculated sensitivity for a series of plasmonic crystals with a relief 
depth of 350nm and periodicities and well diameters of 400 and 240nm, 524 and 
320nm, 640 and 388nm, 752 and 456nm, 1000 and 608nm, respectively. The gold 
thickness is 32nm on the top, 8nm on the sidewalls and 16nm on the bottom of the 
nanowell array, respectively. The plasmonic crystal sensitivity is highest for a 
periodicity of 524nm and a well diameter of 320nm. (B) Experimental FOM for 
plasmonic crystals with a relief depth of 350nm and different periodicities and well 
diameters. These results show a higher FOM for a periodicity of 580nm like in the 
computed FOM. 
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Figure B.7. Calculated figure of merit for a series of plasmonic crystals with  
periodicity 752nm, well diameter 456nm,  relief depth 350nm and gold thickness  (A) 
8nm on the sidewall, 16nm on the bottom and variable thickness on the top of the 
nanowell array, (B) 24nm on the top, 16nm on the bottom and variable thickness on 
the nanowell array sidewall, (C) 24nm on the top, 8nm on the sidewall and variable 
thickness on the bottom of the nanowell array.
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Figure B.8. (A) and (B) Calculated and experimental FOM for the plasmonic crystal 
from Fig. 1(A) sputtered with a  uniform gold layer (A) or  with different gold 
thicknesses in the top, bottom and sidewalls of the nanowell array (B). (C) Calculated 
figure of merit (FOM) for a series of plasmonic crystals with a periodicity of 524nm, a 
well diameter of 320nm, a relief depth of 400nm and a continuous, uniform gold layer 
covering the nanowell array. The studied gold thicknesses range from 0 until 112nm; a 
maximum in sensitivity is reached for a gold thickness of 96nm. 
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Figure B.9. (A) Schematic diagram of the unit cell used to model a polymer nanowell 
array. (B) Plot of the total response of the crystal over all wavelengths as a function of 
the change in refractive index of the PEG solutions.
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Figure B.10. (A) Schematic diagram of the unit cell used to model a nanowell array 
with a 96nm gold thickness on the top and the bottom of the plasmonic crystal. This 
type of plasmonic crystal is designated by quasi-3D plasmonic crystal. (B) Plot of the 
total response of the plasmonic crystal over all wavelengths as a function of the 
change in refractive index of the PEG solutions.
235 
 
 
Figure B.11. (A) Schematic diagram of the unit cell used to model a nanowell array 
with a 96nm gold thickness on the top of the plasmonic crystal. (B) Plot of the total 
response of the plasmonic crystal over all wavelengths as a function of the change in 
refractive index of the PEG solutions. 
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FUNCTIONAL NANOSTRUCTURED PLASMONIC MATERIALS 
 
 
This chapter is reproduced with permission from the previously published paper: J. Yao, 
A.-P. Le, S. K. Gray, J. S. Moore, J. A. Rogers, and R. G. Nuzzo, “Functional Nanostructured 
Plasmonic Materials", Adv. Mater. 2010, 22, 1102-1110. Copyright 2010, WILEY-VCH Verlag 
GmbH & Co. KGaA. 
My contributions include generating the figures and conducting the writing. I would like 
to acknowledge An-Phong Le for contribution to the writing and figure generation. 
 
C.1       Abstract 
 
Plasmonic crystals fabricated with precisely controlled arrays of subwavelength metal 
nanostructures provide a promising platform for sensing and imaging of surface binding events 
with micrometer spatial resolution over large areas.  Soft nanoimprint lithography provides a 
robust, cost effective method for producing highly uniform plasmonic crystals of this type with 
predictable optical properties.  The tunable multimode plasmonic resonances of these crystals 
and their ability for integration into lab-on-a-chip microfluidic systems can both be harnessed to 
achieve exceptionally high analytical sensitivities down to submonolayer levels using even a 
common optical microscope, circumventing numerous technical limitations of more conventional 
surface plasmon resonance techniques. In this article, we highlight some recent advances in this 
field with an emphasis on the fabrication and characterization of these integrated devices and 
their demonstrated applications. 
 
C.2       Introduction 
 Surface plasmons result from incident electromagnetic radiation exciting coherent 
oscillations of conduction electrons near a metal-dielectric interface.[4-6]  These oscillations 
result in an evanescent electric field that extends from the metal surface into the dielectric over a 
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length scale on the order of hundreds of nanometers.[3]  This field allows surface plasmons to 
respond to changes in the local refractive index with high sensitivity, which in turn provides a 
capability for label-free forms of analytical detection.  For example, surface plasmon resonance 
(SPR) measurements are now commonly used to detect and quantify chemical and biological 
analytes without the need for fluorescent or radioactive labels.[9, 10]  SPR measurements can be 
carried out in both single-mode spectroscopic and multiplexed imaging protocols.[11-13]  
 The standard SPR method noted above makes use of the properties of surface plasmons 
in the form of surface plasmon polaritons (SPPs).  SPPs are evanescent surface waves on metal 
films which propagate along the metal-dielectric interface.[15] SPP propagation lengths are 
typically tens to hundreds of micrometers along the metal-dielectric interface.[16, 17]  
Techniques employing these propagating plasmons most commonly use a prism to couple light 
into the metal film (typically gold) in the Kretschmann configuration[18-20], although gratings 
can also couple light into SPPs.[21, 22] The cumbersome nature of such optics, however, makes 
it difficult to integrate these techniques into portable, low-cost devices and high-throughput 
systems.[23] These limitations can be overcome through the use of metallic nanostructures such 
as metal nanoparticles, line gratings, and hole arrays in metal films, structures that each provide 
efficient optical coupling mechanisms through which to excite plasmons.[24-26] These systems 
also give rise to localized surface plasmon resonances (LSPRs) which can be tuned by carefully 
controlling the shape, size, and spacing of the nanostructures.[27-31] In contrast to propagating 
SPPs, LSPRs are confined around the objects being excited and can have higher intensities.  
LSPRs can thus be exploited to make measurements with higher spatial resolution than would be 
possible using propagating SPPs.[1, 7, 32] 
 Surface plasmon excitations are also linked to the enhancement factor observed in 
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surface-enhanced Raman spectroscopy (SERS).[14, 33-36] The roughened metal films 
classically used as SERS substrates[37-39] couple incident light to surface plasmons with 
enhancement factors of 1010 – 1012 commonly obtained in single molecule SERS studies.[40-45] 
The full utility of SERS has not yet been realized with these substrates, however, because they 
suffer from poor reproducibility.[33] Recent work in this field has explored the use of more 
precisely defined metal nanoparticles[46] and nanowires[47], as well as nanoscale holes[48, 49] 
and voids[50] in metal films as SERS substrates.  These structures may provide more reliable 
performance while still leading to reasonably large SERS enhancement factors. Ideally, these 
substrates would be fabricated using techniques that generate nanostructured patterns over large 
substrate areas with high fidelity and high control at low cost.  The design rules for these optics, 
however, can be quite demanding and for this reason difficult to realize in practice except via the 
application of demanding forms of lithography and thin-film processing. 
 Electron beam lithography and focused ion beam lithography, for example, have been 
used to fabricate arrays of gold particles[51, 52], circular slits[53], nanoholes[54, 55], and v-
shaped grooves in metal films.[56] These fabrication methods provide high precision and control 
over the dimensions of the nanostructures. It is difficult, however, to generate patterns over large 
areas using these methods, and they are limited to serial sample fabrication. 
 An alternative method, nanosphere lithography,[57, 58] uses a hexagonally close-packed 
monolayer of spheres on a surface as a deposition or etch mask for the generation of metal 
nanoparticles in the interstices between spheres[59] or as a substrate for the creation of metal-
film-over-nanosphere structures.[60] Colloidal lithography is a closely related technique where 
spheres are adsorbed onto a surface, but the spheres are usually more randomly distributed than 
in nanosphere lithography.[61, 62] Defect-free nanostructured regions with areas approximately 
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10-100 µm2 can be routinely formed using nanosphere lithography.[59] 
 More recent reports document the fabrication of large area plasmonic nanostructures 
using soft interference lithography.[63-67] In this method, an elastomeric master is replicated 
from a master generated by interference lithography and is used as a phase mask for phase-
shifting photolithography on a silicon wafer. A metal film is evaporated onto the resulting 
photoresist structure, and lift-off of the photoresist leaves a continuous metal film with an array 
of holes or voids. Additional etching and metal evaporation steps generate free-standing metal 
films with precisely controlled hole structures which can then be transferred onto a support 
material.[63, 64, 68] Using this method, centimeter-scale areas of high quality nanostructures, 
ones well modeled within finite-difference time-domain calculations, can be realized.[63, 66] 
Although common processing techniques are exploited here (interference lithography, wet 
chemical etching, metal evaporation, lift-off), the multiple steps required add complexity to the 
fabrication processes. More importantly, there remains a need to generalize the process, while 
retaining the capacity for low cost, in ways that can reach more challenging design rules and 
accommodate large area format or topologically complex substrates. 
 Soft nanoimprint lithography has shown promise as a method to satisfy such needs – it is 
able to pattern large area arrays (greater than 10 mm2) of nanostructures with a resolution of less 
than 100 nm at relatively low cost.[2, 69, 70] We have used soft nanoimprint lithography to 
fabricate large and highly reproducible arrays of cylindrical nanowells for use as SPR sensors 
and SERS substrates. These easily produced nanoimprinted structures have also demonstrated 
submonolayer sensitivities for detecting binding events with limits of detection rivaling those of 
more conventional SPR devices. The micrometer-level lateral resolution over millimeter length 
scales enables highly sensitive and fully quantitative forms of imaging using both SPR and SERS 
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over areas larger than those accessible through other device geometries and fabrication methods. 
 
C.3       Nanostructured Plasmonic Crystals 
 There are several features of plasmonic crystals such as those shown in Figure C.1 that 
motivate their consideration over nanoparticles for applications in sensing. First and foremost, 
the precisely controlled details of their structure enable reliable simulations of the 
electromagnetic fields and optical properties by rigorous computational electrodynamics 
methods such as the finite-difference time-domain (FDTD) method.[71-73] Their uniformity 
allows for sensing and imaging of surface binding interactions with high analytical sensitivity 
down to even submonolayer levels.[3, 7] The spectroscopic responses of these devices can be 
shifted across near-infrared (IR) and visible wavelengths by adjusting feature sizes, spacings, and 
depths or by more simply adjusting the thin metal film distribution without altering the design 
rules of the device (the latter avoiding the fabrication of a new lithographic master).[3, 7] The 
achievable sensitivity of plasmonic crystals at visible wavelengths is quite substantial, sufficient 
to differentiate molecular binding in a patterned self-assembled monolayer even for cases where 
domains of the adsorbates have a mass difference of only two carbon atoms.[7] The platform 
also provides a facile means for effecting chemically-coupled forms of sensing, enabling in turn 
other interesting applications including pH sensing[8] and SERS mapping.[14] 
 This section describes representative classes of plasmonic crystals developed in our work 
and the means employed to fabricate them. One is a quasi 3D plasmonic crystal with high 
sensitivity at near IR wavelengths, and the other one is a full 3D plasmonic crystal with high 
sensitivity in the visible region. We consider in this report the progress made to provide 
theoretical characterizations of their properties along with examples of applications exploiting 
their unique capacities.   
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C.3.1    Plasmonic Crystal Fabrication and General Characterization 
 A simple, robust, and low-cost soft nanoimprint lithography protocol (illustrated in 
Figure C.1a) is used to fabricate subwavelength hole arrays over large areas.[3, 7, 74]  To do so, 
a molded polydimethylsiloxane (PDMS) stamp[75-78] with square arrays of cylindrical post 
relief features is used to emboss a thin layer of a curable material, most commonly a 
photocurable polyurethane cast onto a glass slide.  The sample is then exposed to ultraviolet light 
to cure the PU layer. Careful removal of the PDMS stamp leaves a relief structure 
complementary to the pattern on the PDMS stamp imprinted in the polyurethane layer surface.  
This nanoimprint method can be adapted to broadly accommodate materials of diverse form and 
thus is not limited to using a PDMS patterning tool to emboss polyurethane layers. Other 
materials with low surface energy and good chemical resistance like perfluoropolyether [79-82] 
can also be used to mold other materials (e.g. an SU8 photoresist precursor) to form embossed 
substrates for plasmonic nanostructures with high replication fidelity.[74, 82]  In our work, we 
typically employ a non-metallic adhesion layer that does not quench the plasmonic response to 
provide devices that are robust to the environments found in analytical applications.[83-85]  
Finally, a thin gold film is deposited on the patterned substrate either by electron beam 
evaporation to form a quasi 3D plasmonic crystal or by sputter deposition to form what we term 
a full 3D plasmonic crystal. The differences between “quasi” and “full” 3D plasmonic crystals 
will be made clearer below. This reliable and robust nanoimprint method can generate 
nanostructures over large areas with high spatial uniformity as the discussions below 
demonstrate.  
 A typical optical photograph of an embossed plasmonic crystal is shown in Figure C.1b.  
There are sixteen 4mmμ4mm square arrays of nanowells with different hole diameters and 
242 
 
periodicities on each plasmonic crystal. The uniform diffraction colors produced by these 
structures further demonstrate the exceptional quality of the features generated by the soft 
nanoimprint lithography process, one possessing resolution that can reach to molecular 
levels.[76]  Figure C.1c shows scanning electron microscopy (SEM) images from one square of a 
full 3D plasmonic crystal array. The specific patterned area shown consists of a square array of 
cylindrical depressions with diameters of 456 nm, a periodicity of 748 nm, and depths of 350 
nm.  The high resolution SEM insets demonstrate the formation of a continuous gold layer on the 
embossed polyurethane nanostructures. Transmission electron microscopy measurements of the 
gold layer thicknesses show differences between the layers on the top surface, sidewall, and well 
bottom. These thicknesses are critical for tuning the multiple plasmonic resonance features of the 
full 3D plasmonic crystal. In contrast, the gold coverage of the quasi 3D plasmonic crystal is 
discontinuous, consisting of a continuous top layer of gold with nanoholes and separated gold 
disks at the bottom of the embossed depressions. These differences lead to pronounced and 
distinctive qualities of the optics for measurements made either at visible or near IR 
wavelengths.  
 The use of PDMS elastomer in nanoimprint lithography enables the fabrication of many 
polymer nanostructures from a single PDMS stamp with high replication fidelity.  Additionally, 
PDMS stamps can be accurately replicated many times from a single photolithographic master.  
This property is illustrated by the data in Figure C.1d, which displays normal incidence 
transmission spectra of four different full 3D plasmonic crystals replicated from a single PDMS 
stamp, all of which show very similar spectroscopic responses. Spectra taken from different areas 
within a single square of a full 3D plasmonic crystal, shown in Figure C.1e, again show very 
similar responses across the entire millimeter scale area.   
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C.3.2    Computational Studies of Plasmonic Features and Bulk Sensitivity Calibration 
 The multiple plasmonic resonances provided by a typical plasmonic crystal device can be 
predicted through rigorous computational electrodynamics calculations.[71, 73]  Full 3D FDTD 
calculations (Fig. 2) with appropriate periodic boundary conditions were carried out to model the 
normal incidence transmission spectra and electromagnetic field distributions associated with 
selected resonances for the systems shown in Figure C.1. The multiple features in the 
transmission spectra of these plasmonic crystals can be associated with LSPRs[86, 87], Bloch 
wave SPPs (BW-SPPs)[71], and Wood anomalies[24, 71], or combinations of these features[63], 
and the coupling of directly transmitted light through the gold film. While the LSPRs can be 
generated in the random arrays of holes and particles, BW-SPPs and Wood anomalies are created 
by the grating defined by the spatially coherent periodicity of ordered arrays. BW-SPPs may be 
viewed as standing waves formed from superpositions of counterpropagating SPPs. Wood 
anomalies require just a grating structure and may be viewed as diffractive, not plasmonic, 
features.  The wavelengths corresponding to Wood anomaly excitations are often close to those 
of BW-SPPs. 
 All the features noted are sensitive to the minute structural details and dielectric 
properties of the surrounding environment.[3, 7] Careful consideration of the Au film distribution 
on the nanowell array is critical to achieve good agreement between experiment and theory for 
both the full 3D and quasi 3D plasmonic crystal systems.[3, 7] The different spectroscopic 
responses of these plasmonic crystals, tuned by the gold film distributions, revealed different 
dominant plasmonic modes.  The largest feature in the quasi 3D transmission spectrum labeled C 
(Fig. 2a) can be assigned to BW-SPP and Wood anomaly excitations with strong electric field 
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intensity near the gold disk/polymer interface and strong coupling between the upper and lower 
levels of the quasi 3D crystal. In contrast, the second large feature labeled B in the quasi 3D 
transmission spectrum (Fig. 2a) can be identified with a LSPR excitation isolated at the edge of 
the nanowell near the air/gold interface.  These strong plasmonic resonances are responsible for 
the high sensitivity of the quasi 3D crystal in the near IR region to refractive index changes 
observed in angle-dependent transmission experiments,[68] enabling one- and two-dimensional 
imaging of surface bindings at near IR wavelengths and quantitative multispectral biosensing 
capabilities.[1, 3] On the other hand, the largest plasmonic feature labeled C in the full 3D 
plasmonic crystal transmission spectrum (Fig. 2b) is the result of LSPR excitations with strong 
electric field intensities close to the nanowell sidewalls and spanning across the nanowell 
opening. The spectral feature labeled B in the transmission spectrum of the full 3D plasmonic 
crystal is due primarily to a combination of effects from BW-SPPs and LSPRs.  These plasmonic 
resonances are blue-shifted from the near IR to visible wavelengths, guided by the confinement 
effects and complex interactions of the various diffractive and plasmonic modes supported by the 
design rule of the full 3D plasmonic crystal.  The important point to note here, however, is that 
the pronounced sensitivity of the full 3D plasmonic crystal in the visible region allows molecular 
imaging with submonolayer resolution using a common optical microscope and low-cost charge 
coupled device (CCD) camera.  
 The sensitivity of plasmonic systems to the change of bulk refractive index is usually 
determined by measuring the change of a single resonance feature with changes in the 
surrounding refractive index.[88, 89] This single resonance analysis method cannot fully capture 
the sensitivity of a multiple resonance plasmonic system. We therefore have developed a full 
multispectral analysis method to calibrate the sensitivity of our systems by using all of the 
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spectral feature changes in an accessible wavelength range. This multispectral analysis not only 
distinguishes the sensitivity of our system from that of literature reported 2D grating or random 
array systems[35, 88-92] but also provides a means to improve the signal-to-noise ratio of our 
measurements many fold.[3] In our bulk sensitivity measurement, for example, normal incidence 
transmission spectra were collected over time as solutions of increasing refractive index were 
flowed over the surface of the plasmonic crystal.  The collected spectra were then referenced to 
the initial spectrum to generate the spectral difference map shown in Figure C.2c for the quasi 
3D plasmonic crystal and in Figure C.2d for the full 3D plasmonic crystal.  Both the transmission 
spectral intensity changes and the peak position shifts over the measured wavelengths are 
collected by the spectral difference map. The plasmonic feature changes are wavelength 
dependent and can be both positive and negative at different wavelengths as a function of 
refractive index change. In order to fully capture these changes, the absolute magnitudes of 
spectral differences are integrated to provide the total spectroscopic response of the sensor and 
plotted as a function of time as shown in Figure C.2e and Figure C.2f for the quasi 3D and full 
3D systems, respectively. The linear changes of the integrated response in our systems as a 
function of refractive index unit (RIU) change in the surrounding fluid yields a figure of merit 
for our systems with units of Δ%T nm RIU-1. The quasi 3D system exhibits the highest 
sensitivity at wavelengths between 1000-1250 nm, but the sensitivity is more than 3x lower than 
that of the full 3D system in the wavelength range of 350-1000 nm. The linearity of the spectral 
response of our systems suggests an ideal platform for quantitative multispectral biosensing and 
imaging.  
 Recently we have shown, based on FDTD calculations, that it is possible to further 
optimize the bulk refractive index sensing capabilities of plasmonic crystals.[28] In this work, 
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different system parameters (metal film thicknesses, hole diameters and relief depths, etc.) were 
varied, and an order of magnitude improvement in the figure of merit was predicted. 
C.3.3    Optical Imaging Demonstrations 
 The excellent spatial uniformity seen over large image areas for these optical systems 
provides a solid foundation for fully quantitative imaging applications. The high sensitivity over 
near IR wavelengths of the quasi 3D plasmonic crystal enables near IR imaging, whereas the 
enhanced sensitivity in the visible region of the full 3D plasmonic crystal provides direct 
imaging capabilities with white light.  
 In demonstration experiments, nonspecifically adsorbed fibrinogen line arrays were 
patterned on top of quasi 3D plasmonic crystals and imaged in 1D and 2D modes using 
monochromatic illumination and white light.[1, 3] The top image in Figure C.3a is a white light 
image of these fibrinogen arrays, and the bottom image was acquired using monochromatic light 
at 1090 nm; both images were captured using an IR camera. The fibrinogen lines appear darker 
than the uncoated regions in the white light image because the total decrease in transmission is 
larger than the total increase in transmission across the wavelength range of the camera.  In 
contrast, the fibrinogen patterned regions are brighter than the uncoated regions imaged at 1090 
nm because of the increased transmission at this wavelength due to the surface binding.[1] The 
spatial resolution of the resolved image using quasi 3D plasmonic crystals is on the order of tens 
of micrometers with a submonolayer detection limit.[1] More importantly, the optical response of 
this system in imaging mode can be converted to an effective surface coating thickness by 
applying the appropriate calibration constants obtained from bulk sensitivity measurements in a 
simple formalism.[1, 93] 
 The increased sensitivity at visible wavelengths of the full 3D plasmonic crystal makes 
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possible the imaging of molecular binding over large areas using a common optical microscope 
with an inexpensive silicon CCD. As a demonstration, we imaged a pattern of two different 
alkanethiols on the full 3D plasmonic crystal with white light.  The transmitted-light image of a 
microcontact printed[94] 1-octadecanethiol (ODT) self-assembled monolayer pattern[95-99] 
with a thickness of ~ 2nm is displayed in the top image of Figure C.3b. The imaging contrast 
clearly differentiates ODT patterned regions from uncoated regions with high signal-to-noise 
level due to the refractive index difference between these areas. The spatial resolution of the 
plasmonic imaging using the full 3D plasmonic crystal can reach ~3 micrometers as judged from 
a quantitative lineshape analysis.[29]  To highlight the submonolayer detection resolution, we 
soaked the ODT printed full 3D plasmonic crystal in a 1-hexadecanethiol (HDT) solution and 
monitored the imaging contrast decrease as a function of time.  The middle image in Figure C.3b 
illustrates the transmitted-light image of the ODT patterned sample after backfilling with HDT 
for 300 seconds. The patterned ODT regions are less distinct at the end point of the backfilling 
experiment because of the reduced refractive index difference between the ODT regions and the 
HDT filled areas.  The plot of the image contrast decrease as a function of backfilling time (Fig. 
3b, bottom panel) resembles an inverted first-order Langmuir adsorption isotherm.[7]  The image 
contrast after the backfilling process, which is about 10% of the initial value, correlates well with 
the two-carbon atom difference in the ODT and HDT molecules.  These results demonstrate the 
exceptional analytical sensitivity of the full 3D plasmonic crystal motif in quantitative white 
light imaging. 
C.3.4   Optical Imaging of Chemical Forces 
 SPR response is not limited to detecting significant refractive index changes on or near 
the plasmonic crystal surface. Chemical forces associated with essentially no refractive index 
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change can also be transduced to SPR responses by combining the plasmonic system with other 
analytically relevant parameters provided by chemometric actuators, such as pH responsive 
acrylic acid modified hydrogels.[100-102] We have previously reported a hydrogel-modified 
plasmonic crystal system for amplifying the analytical power of the plasmonic system by 
coupling the SPR resonance features with hydrogel swelling dynamics.[8] A pH responsive 
hydrogel film with a thickness of ~500 nm was covalently bound to the gold surface of a quasi 
3D plasmonic crystal.  This cross-linked polymer network swells in basic solutions and contracts 
in acidic solutions.[8, 103] The normalized spectral difference map shown in the top panel of 
Figure C.3c illustrates the reversible plasmonic responses of a pH responsive hydrogel-modified 
plasmonic crystal corresponding to the cycling between two limiting pH conditions. The 
plasmonic responses decrease with a decrease in the pH change centered around the pKa of the 
hydrogel.  The bottom panel of Figure C.3c shows the relative integrated response for the change 
in transmission when the pH of the solution was changed from 7.86 to 1.44 (blue), 6.42 to 5.13 
(red), and 5.76 to 5.66 (black). The changes in this hydrogel are clearly reversible as the pH is 
adjusted back and forth, and a pH change of 0.10 is clearly distinguishable from the background 
as shown in the inset. The plasmonic responses of this device are much larger than those of an 
unmodified plasmonic crystal.  Measurements on a hydrogel without acrylic acid showed much 
lower spectral response to pH changes across the entire wavelength range. The addition of 
acrylic acid enhanced the swelling of the hydrogel by enhancing the change in osmotic pressure 
within the hydrogel relative to the covalent bonds holding the polymer network intact.[101, 102] 
 Although surface plasmons are able to probe the refractive index of the immediate 
surrounding medium, the hydrogel films here are thicker than the penetration depth of the 
evanescent electric fields supported by these plasmonic crystals.[3] The observed optical changes 
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are thus an indirect measure of the change in volume and a way to measure the mechanical 
forces exerted as the hydrogel changes volume. Although a proton gradient was used to swell and 
collapse the hydrogel in this work, other analytes of interest in principle can be similarly 
measured by adding an appropriate recognition system to the hydrogel network. 
C.3.5   SERS Imaging 
 Plasmonic nanohole arrays are effective substrates for SERS spectroscopy and 
imaging.[14] In an exemplary demonstration, quasi 3D plasmonic crystals were made using the 
same fabrication procedures described earlier for the production of arrays for SPR systems.  
After metalizing the molded polymer with gold, the arrays were soaked in ethanolic solutions of 
benzenethiol to form a monolayer on the array surface. SERS spectra of benzenethiol were 
collected using a Raman microscope and an excitation wavelength of 785 nm. Signal 
enhancement factors of ~105 were observed using non-optimized substrates (using the SERS 
signal at ~1073 cm-1) based on a square array of 514 nm holes, 360 nm deep, and with a 
periodicity of 760 nm. A maximum SERS enhancement is expected when the wavelength of the 
LSPR feature is equal to the average of the excitation wavelength and the wavelength of the 
Raman signal.[46] In these experiments, this corresponds to a wavelength of ~821 nm.  In fact, 
the spectral transmission of the plasmonic crystal without benzenethiol at 821 nm correlates well 
with the measured SERS enhancement factor – the highest enhancement was measured for the 
nanohole array that had the highest transmission at 821 nm. To a first approximation, the SERS 
enhancement at a given excitation wavelength can be inferred from electrodynamics calculations, 
such as FDTD calculations, as the square of the calculated near field intensity enhancement 
relative to the incident intensity. Therefore, our ability to model the near fields and optical 
transmission of nanohole array structures may provide an opportunity to design and optimize a 
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structure in silico to maximize the SERS enhancement. 
 The high uniformity of these nanohole arrays over large areas makes them valuable for 
SERS-based imaging.  The top two images in Figure C.3d are of a nanohole array patterned onto 
previously photodefined SU8. The nanohole array is only present within the letters “UIUC” as 
seen in the optical micrograph (image i).  Image ii is a map of the Raman intensity at 1073 cm-1 
of the same nanohole array after metallization and soaking in benzenethiol.  The Raman intensity 
is clearly higher in the areas where the nanohole array is present.  In the bottom two images of 
Figure C.3d, a monolayer of ODT was microcontact printed onto a uniform nanohole array.  The 
rest of the array was backfilled with benzenethiol, and image iii is a SEM image of the inked 
pattern.  Image iv shows the Raman intensity map at 1073 cm-1 (where benzenethiol is known to 
have a response but ODT does not); the image clearly differentiates the two regions.  These 
results show the promise of easily fabricated, highly uniform nanostructures for use as high 
performance SERS substrates with reproducible responses over large areas. 
 
C.4       Prospects 
 The nanoimprinted plasmonic devices described here have combined the exceptional 
performance of surface plasmon active substrates with rapid and consistent manufacturing 
techniques and inexpensive materials. These devices provide high analytical sensitivity over 
tunable wavelength ranges as well as versatile modes of operation. Multiplexed analyses are 
clearly possible with high spatial and spectral resolution. The integration of portable plasmonic 
devices with lab-on-a-chip microfluidic systems, combined with the customizable optical 
properties provided by rigid theoretical simulations, open a promising route to achieve real time 
label-free detection with submonolayer resolution. Our future work will address important 
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applications that include real time SPR imaging of biochemical systems, providing new forms of 
dynamic information. For example, our preliminary data suggests that SPR imaging of living 
cells using a common optical microscope could enable the observation of cell growth behavior 
and cellular responses to external stimuli, providing valuable new information for understanding 
cell biology. Miniaturization of the SPR device also brings the possibility of convenient local 
probe detection and ultra-tracing chemical sensing. Theoretical guidance for optimizing both 
device form factors and their optical/spectroscopic performance will be of particular importance.  
Therefore, the development of more accurate and efficient theoretical approaches to simulate and 
to optimize these systems is a key future direction. The ability to fabricate function by design in 
this way will constitute a major advance against a long standing, grand challenge in chemical 
sensing.  
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C.7        Figures 
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Figure C.1. a) Schematic illustration of soft nanoimprint lithography protocol. Figures were 
adapted and reproduced with permission from[2]. Copyright 2005, Optical Society of America. 
b) Optical image of an embossed plasmonic crystal. Hole depth is ~400 nm, hole diameters 
vary from ~0.24 µm – 1.06 µm, and hole spacings vary from ~0.50 µm – 1.74 µm. c) SEM 
image of cylindrical hole array patterned by soft nanoimprint lithography with insets of an 
individual hole and a cross section view. Figures were adapted and reproduced with permission 
from[7]. Copyright 2008, Wiley-VCH Verlag GmbH & Co. d) Overlay of transmission spectra 
for four separate plasmonic crystal samples showing similar optical response between samples. 
e) Overlay of transmission spectra taken from five areas within a single array on a plasmonic 
crystal showing nearly identical response across entire array area.  The plasmonic crystal used 
for (d) and (e) had a hole depth of ~350 nm, a hole diameter of ~ 456 nm, and a hole spacing of 
~748 nm. 
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Figure C.2. 
266 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.2. cont. a) Experimental transmission spectrum (blue) for quasi-3D plasmonic crystal 
(~420 nm hole diameter, ~350 nm hole depth, ~720 nm hole spacing) and electrodynamic 
modeling transmission spectra with idealized gold distribution (green) or with isolated gold 
grains near edge of bottom gold disc (red); calculated electric field plots (bottom images) 
corresponding to wavelengths for peaks marked B and C in the plot above. Figures were 
adapted and reproduced with permission from[3]. Copyright 2006, National Academy of 
Sciences. b) Experimental transmission spectrum (black) for full-3D plasmonic crystal (~456 
nm hole diameter, ~350 nm hole depth, ~748 nm hole spacing) and electrodynamic modeling 
transmission spectrum (red); calculated electric field plots (bottom images) corresponding to 
peaks marked B and C in the plot above.  Figures were adapted and reproduced with 
permission from[7]. Copyright 2008, Wiley-VCH Verlag GmbH & Co. c) Spectral difference 
map for quasi-3D plasmonic crystal bulk refractive index sensitivity measurement. d) Spectral 
difference map for full-3D plasmonic crystal bulk refractive index sensitivity measurement.  e) 
Integrated response of quasi-3D plasmonic crystal with inset showing linear change in average 
integrated response with refractive index change. f) Integrated response of full-3D plasmonic 
crystal with inset showing linear change in average integrated response with refractive index 
change.  Red trace in (e) and (f) corresponds to integration from 355-1000 nm, black trace in 
(e) and (f) corresponds to integration from 355-1500 nm. 
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Figure C.3. 
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Figure C.3. cont. a) Optical images of fibrinogen lines illuminated with white light (top) and 
light at 1090 nm (bottom) patterned on quasi-3D plasmonic crystal. Figures were adapted and 
reproduced with permission from[1]. Copyright 2007, American Institute of Physics.  b) 
Optical images of 1-octadecanethiol patterned onto full-3D plasmonic crystal before 
backfilling with 1-hexadecanethiol (top) and after backfilling (middle) and calculated image 
contrast over time during backfilling (bottom).  Figures were adapted and reproduced with 
permission from[7]. Copyright 2008, Wiley-VCH Verlag GmbH & Co.  c) Spectral difference 
map for pH changes in hydrogel-modified quasi-3D plasmonic crystal (top) and relative 
integrated responses for pH changes of 7.86 to 1.44 (blue), 6.42 to 5.13 (red), and 5.76 to 5.66 
(black) (bottom), inset is a vertically magnified view of the black curve.  Figures were adapted 
and reproduced with permission from[8]. Copyright 2007, American Chemical Society.  d) 
Optical image (i) and SERS mapping (ii) of benzenethiol monolayer on quasi-3D nanohole 
array imprinted in previously photodefined SU-8; SEM image (iii) and SERS mapping (iv) of 
1-octadecanethiol “UIUC” microcontact printed onto quasi-3D nanohole array and backfilled 
with benzenethiol. Figures were adapted and reproduced with permission from[14].  Scale bars 
are 5 µm.  Copyright 2009, American Institute of Physics. 
